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SUMMARY 


^The  goal  of  the  Oil  Analysis  Program  was  to  place  oil  analysis  on  a  firm 
technical  basis.  This  goal  was  accomplished  through  an  intensive  experimental 
correlation  effort  relating  wear  debris  characteristics  to  component  surface 
war  condition.  Such  wear  particle  correlations  served  to  highlight  critical 
characteristics/parameters  which  reflect  component  surface  wear  condition. 

Component  testing  was  conducted  for  ball  bearings,  roller  bearings,  gears, 
and  pistons/cylinders.  Respective  test  programs  were  conducted  by  SKF  Indus¬ 
tries,  Incorporated,  the  Naval  Air  Propulsion  Test  Center,  and  the  Franklin 
Institute  Research  Laboratories.  Test  lubricant  wear  debris/particle  analysis 
was  conducted  by  SKF  Industries,  Incorporated,  the  Franklin  Institute  Research 
Laboratories ,  the  National  Bureau  of  Standards,  Foxboro  Analytical,  and  the 
Naval  Air  Engineering  Center. 

Four  critical  wear  debris/particle  characteristics  were  identified  under 
the  test  program  and  respective  correlation  effort.  These  parameters  include 
particle  quantity/concentration,  size  distribution,  elemental  composition,  and 
morphology. 

The  results  of  wear  debris  analysis  compared  to  the  physical  examination 
of  the  component  surface  wear  condition  showed  a  good  correlation  in  terms  of 
monitoring  the  company's  wear  regime/condition  throughout  their  respective 
wear  life.^^ased  on  these  results,  the  present  DOD  Oil  Analysis  Program  can 
be  significantly  improved  in  the  areas  of  both  effectiveness  and  cost. 
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I.  INTRODUCTION 

A.  Oil  analysis  has  been  applied  for  many  decades  as  a  preventive  maintenance 
concept  utilized  to  predict  impending  mechanical  failure  through  examination  of 
used  oil  samples.  Initially,  physical  properties  of  oil  were  considered  indi¬ 
cators  of  equipment  wear.  However,  meaningful  results  were  not  obtained  until 
examination  emphasis  shifted  to  the  analysis  of  oil-carried  wear  particles.  The 
term  oil  analysis  has  thus  become  synonymous  with  oil  particle  analysis  or  wear 
particle  analysis. 

B.  The  oil  analysis  concept  is  based  on  the  premise  that  all  mechanical  systems 
experience  the  process  of  wear  during  operation.  This  wear  process  results  in 
the  production  of  wear  debris  or  wear  particles  which  are  indicative  of  the 
respective  wear  surface  condition.  In  the  case  of  lubricated  components  these 
wear  particles  are  picked  up  and  circulated  by  the  lubricant.  Thus  an  examina¬ 
tion  or  oil  analysis  of  a  lubricant  sample  can  nondestructively  reflect  com¬ 
ponent  surface  wear  condition. 

C.  Several  oil  analysis  techniques  are  currently  being  utilized  for  Government 
and  industrial  applications.  These  techniques,  however,  lack  a  firm  technical 
basis.  They  are  based  on  assumed  monitored  parameters  and  are  applied,  with 
varying  degrees  of  success,  by  trial  and  error. 

D.  The  Naval  Air  Engineering  Center  (NAVAIRENGCEN) ,  under  sponsorship  of  the 
Naval  Air  Systems  Command,  initiated  an  ambitious  research  program  with  the  goal 
of  placing  oil  analysis  on  a  firm  technical  basis.  This  goal  was  to  be  accom¬ 
plished  through  an  intensive  correlation  effort  relating  wear  particle  charac¬ 
teristics  to  component  surface  wear  condition.  Such  wear  particle  correlations 
serve  to  highlight  critical  characteristics/parameters  which  are  directly  relat- 
able  to  component  surface  wear  condition.  This  report  serves  to  summarize  the 
results  of  this  oil  analysis  research  effort. 
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II .  BACKGROUND 


A.  GENERAL 

1.  CosC  effectiveness  is  a  concept  that  can  be  defined  as  a  measure  of  the 
benefits  to  be  derived  from,  and  the  resources  to  be  expended  on  a  system.  As  a 
direct  consequence  of  the  present  national  condition  of  limited  resources,  coupled 
with  excessive  inflation,  the  optimization  of  equipment  cost  effectiveness  is 
receiving  considerable  emphasis. 

2.  A  primary  element  in  the  determination  of  cost  effectiveness,  is  equip¬ 
ment  maintainability.  Maintainability  is  a  characteristic  of  equipment  design 
and  installation  which  is  expressed  in  terms  of  ease  and  economy  of  maintenance, 
equipment  availability,  safety,  and  accuracy  in  the  performance  of  maintenance 
actions.  In  an  effort  to  optimize  equipment  cost  effectiveness,  the  concept  of 
"on-condition"  maintenance  has  evolved.  This  concept  involves  the  performance 

of  maintenance  tasks  as  required,  as  opposed  to  an  arbitrary  time  interval  schedule. 
The  prime  advantage  exhibited  by  this  concept  is  the  extension  of  both  equipment 
operational  and  maintenance  intervals.  Interval  extension  results  in  substan¬ 
tial  reductions  in  maintenance  costs  and  equipment  downtime,  as  well  as  subse¬ 
quent  reduced  safety  hazards. 

3.  "On-condition"  maintenance,  although  desirable,  can  only  be  effective  if 
monitoring  techniques  are  available  to  support  it.  Techniques  must  be  capable 
of  detecting  abnormal  mar  conditions  before  they  result  in  equipment  failure. 

4.  One  of  the  prime  monitoring  techniques  supporting  "on-condition"  main¬ 
tenance  is  oil  analysis.  This  technique  serves  to  monitor  oil  lubricated  com¬ 
ponent  wear  on  a  nondestructive  basis. 

B.  OIL  ANALYSIS  CYCLE 

1.  Oil  analysis  can  be  described  as  a  preventive  maintenance  concept,  uti¬ 
lized  to  predict  impending  mechanical  system  failure,  through  the  examination  of 
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used  oil  samples.  This  concept,  although  varying  in  technique,  has  been  applied 
for  many  decades.  Initially,  physical  properties  of  oil  were  considered  indica¬ 
tors  of  equipment  wear.  However,  consistent  results  were  not  obtained  until 
examination  emphasis  shifted  to  the  analysis  of  lubricant  borne  wear  particu¬ 
lates.  The  term  oil  analysis  has  thus  become  synonymous  with  oil  particulate 
analysis. 

2.  The  basic  premise  behind  oil  analysis  is  that  wear  surfaces  generate 
wear  particulates.  These  particulates  are  picked  up  by  the  lubricant  (i.e.,  in 
the  case  of  oil  lubricated  components)  and  circulated  through  the  lubricant 
system.  Through  analysis  of  a  lubricant  sample,  the  circulated  wear  metal  can 
be  characterized  and  utilized  to  reflect  component  wear  condition. 

3.  Although  this  premise  appears  to  be  relatively  simple,  the  oil  analysis 
cycle  is  a  critical  combination  of  techniques,  test  procedures,  and  analysis 
criteria.  The  total  analysis  progression  can  be  divided  into  five  major  ele¬ 
ments:  lubricant  sample,  detection,  diagnosis,  prognosis,  and  prescription. 

a.  Sample.  The  sample  element  of  the  oil  analysis  process  involves 
obtaining  a  timely,  representative  lubricant  borne  debris  sample  from  a  me¬ 
chanical  system. 

b.  Detection.  The  detection  element  provides  a  first  cut  or  preliminary 
determination  as  to  the  health  of  a  machine  (i.e.,  is  the  machine  wearing  nor¬ 
mally  or  abnormally?).  If  no  abnormalities  are  detected,  no  further  analysis  is 
required  until  the  next  schedule  sampled  interval.  If  an  abnormality  is  de¬ 
tected  or  suspected,  the  lubricant  sample  is  transitioned  to  the  next  oil  an¬ 
alysis  element. 

c*  Diagnosis.  The  diagnosis  element  serves  to  further  clarify  the 
machinery  wear  abnormality.  It  provides  a  determination  as  to  what  machine 
component/components  are  wearing  and  proceeds  to  define  what  wear  mode/modes  are 
present.  Based  on  these  determinations,  the  analysis  is  transitioned  to  the 
next  element. 
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d.  Prognosis.  The  prognosis  element  of  the  analysis  process,  serves  to 
define  the  course  of  the  machinery  wear  abnormality.  It  provides  a  prediction 
of  the  residual  life/time  until  failure,  based  on  the  wearing  component  and  the 
wear  mode  progression. 

e.  Prescription.  The  last  element  of  the  analysis  process  serves  to 
define  a  course  of  corrective  action.  It  provides  maintenance  recomnendations 
based  on  residual  life,  wearing  component,  and  wear  mode. 

4.  The  sample  element  of  the  process  is  based  primarily  on  technique.  The 
elements  of  detection  and  diagnosis  are  based  on  monitored  wear  particle  charac¬ 
teristics.  And,  lastly,  the  elements  of  prognosis  and  prescription  rely  heavily 
on  analysis  criteria. 

C.  SPECTROMETRIC  OIL  ANALYSIS 

1.  Spec trome trie  oil  analysis  has  developed  as  the  foremost  analytical 
technique  utilized  in  present  Department  of  Defense  (DOD)  applications.  This 
method  involves  taking  a  lubricant  sample  from  a  system  and  sending  it  to  a 
spectrometric  oil  analysis  laboratory.  This  laboratory  determines  the  concen¬ 
tration  of  various  elements  contained  in  the  used  oil  sample.  Through  a  pro¬ 
cedure  of  comparing  measured  results  with  predetermined  element  concentration 
levels,  as  well  as  comparing  with  concentration  level  measurements  taken  from 
previous  oil  samples  on  the  same  equipment,  the  laboratory  arrives  at  required 
maintenance  recommendations. 

2.  Spectrometric  analysis  has  demonstrated  that  the  analysis  of  wear  metal 
particulate  matter  which  accumulates  and  circulates  in  a  closed  cycle  oil  wetted 
system  can,  with  varying  degrees  of  success,  be  used  as  a  means  of  monitoring 
system  wear,  and  thus  predicting  impending  mechanical  component  failure.  This 
technique  has  reported  success  rates  that  vary  greatly.  These  effectiveness 
variations  exhibited  by  SOA,  as  well  as  related  techniques,  have  not  as  yet  been 
factually  defined. 
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3.  The  shortcomings  of  the  Spectrometric  Oil  Analysis  Program  were  outlined 
in  1971,  in  a  memo  from  the  Assistant  Secretary  of  Defense,  B.  J.  Shillito,  to 
Director  of  Defense  Research  and  Engineering,  Dr.  J.  S.  Foster. 

4.  This  memo  highlighted  the  most  important  engineering  requirements  as 
follows: 

a.  Development  of  minimum  sample  frequency  intervals. 

b.  Criteria  for  analysis  of  oil  samples. 

c.  Uniform  methods  of  developing  engineering  data. 

d.  Adjustment  of  equipment  operating  intervals  based  on  oil  analysis. 

5.  The  memo  recommended  the  following: 

"In  view  of  the  foregoing  it  is  requested  that  your  office  establish  a 
project  that  will  provide  the  necessary  engineering  research  and  data  to  accom¬ 
modate  the  above-stated  requirements  and  facilitate  implementation  of  the  DOD 
Equipment  Oil  Analysis  Program  on  a  realistic  and  systematic  basis." 

6.  Through  the  Naval  Air  Systems  Command  (NAVAIRSYSCOM) ,  AIR-340,  a  re¬ 
search  program  to  address  these  requirements  was  established  at  NAVAIRENGCEN , 
Code  92724.  This  report  summarized  the  results  of  this  Tri-Service  Oil  Analysis 
Research  and  Development  Program. 

III.  PROGRAM  DESCRIPTION 

A.  As  stated  above,  the  Oil  Analysis  Program  was  designed  in  order  to  place  oil 
analysis  on  a  firm  technical  basis.  The  first  step  in  this  program  design  pro¬ 
cess  was  to  consider  the  optimal  development  cycle  of  an  oil  analysis  technique. 
This  development  was  broken  down  into  four  distinct  phases  as  follows: 


* 
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1.  COMPONENT  WEAR  MODES.  The  first  element  in  any  such  development  cycle 
is  the  definition  and  categorization  of  all  pertinent  mechanical  system  wear 
modes.  This  categorization  lists  wear  modes  that  contribute  to  lubricant  borne 
debris.  It  serves  to  define  what  can  be  monitored  in  a  system  (desirable,  fea¬ 
sible)  . 


2.  PARTICULATE  CHARACTERISTICS  CORRELATION.  The  second  element  in  such  a 
development  cycle  is  the  definition  of  all  the  characteristics  exhibited  by  the 
wear  particles  generated  during  component  wear.  These  characteristics  can  then 
be  correlated  to  surface  wear  progression  in  order  to  define  critical  parameters 
The  monitoring  of  these  critical  wear  particulate  parameters  is  directly  related 
to  component  wear  state. 

3.  ANALYSIS  TECHNIQUE.  Based  on  critical  wear  particle  characteristics, 
the  development  of  a  required  monitoring/ analysis  technique,  or  combination  of 
techniques,  is  carried  out.  The  technique  definition  comprises  the  third  ele¬ 
ment. 


4.  FIELD  APPLICATION.  The  fourth  and  final  element  of  this  program  is  the 
field  application  of  developed  techniques.  This  application,  and  resultant 
feedback,  serves  to  formulate  and  improve  analysis  criteria. 

B.  Based  on  a  survey  of  the  field,  the  following  determinations  were  formulated 
with  respect  to  past  and  present  oil  analysis  technique  development  cycles: 

1.  Numerous  wear  mode  classification  efforts  have  been  performed. 

2.  Several  analytical  techniques  have  been  developed. 
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3.  All  techniques  have  been  field  tested. 

4.  An  insignificant  amount  of  effort  has  been  expended  correlating  wear 
modes  with  wear  particulate  characteristics. 

C.  These  determinations  revealed  that  a  major  element  of  the  oil  analysis  tech¬ 
nique  development  program  was  neglected.  Very  little  work  has  been  performed 
which  serves  to  clarify  which  particle  characteristic  or  characteristics  are 
best  reflective  of  surface  wear  conditions.  Analytical  techniques  developed  to 
date  are  based  on  assumed  critical  particulate  characteristics,  and  have  been 
applied  by  trial  and  error. 

D.  In  order  to  bridge  this  technological  gap,  the  NAVAIRENGCEN  proposed  and 
subsequently  received  NAVAIRSYSCOM  approval  for  the  Tri-Service  Oil  Analysis 
Research  and  Development  Program.  Its  goal  is  to  place  oil  analysis  on  a  firm 
technical  basis.  Briefly  the  program  can  be  described  as  follows:  Laboratory 
testing  to  determine  the  feasibility  of  monitoring  the  surface  wear  condition  of 
oil  wetted  components  through  the  utilization  of  critical  wear  particle  param¬ 
eter  monitoring. 

E.  In  order  to  achieve  the  desired  program  goal,  a  three-phase  effort  was  for¬ 
mulated.  These  phases  consisted  of  a  data  base  formulation  phase,  a  laboratory 
study  phase,  and  a  system  application  phase  as  depicted  below: 


Each  phase  provides  a  critical  program  link  and  depends  on  the  successful  and 
meaningful  completion  of  the  preceding  phase.  Program  phases  are  discussed  in 
detail  as  follows: 
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1.  DATA  BASE.  The  data  base  phase  of  Che  Oil  Analysis  Program  serves  Co 
provide  informacion  necessary  Co  iniciace  meaningful  laboracory  testing,  effec¬ 
tively  monitor  required  test  parameters,  and  thoroughly  evaluate  test  results. 
Data  base  objectives  included  the  development  of  an  effective  test  plan  and 
supporting  analytical  procedures.  The  initial  thrust  of  this  effort  was  the 
performance  of  an  extensive  literature  search.  Follow-on  studies  were  performed 
to  clarify  such  aspects  as: 

a.  Test  components 

b.  Test  condition 

c.  Experimental  design  including  test  system  design  and  analysis 
techniques 

d.  Wear  surface  classification 

e.  Wear  particulate  classification 

2.  LABORATORY  STUDY.  The  laboratory  study  phase  of  the  program  involved 
the  bench  testing  of  prime  oil  lubricated  components.  Components  were  operated 
under  equivalent  field  operating  conditions  with  independent  lubricant  systems. 
Surface  wear  condition  and  the  respective  generated  wear  particle  characteris¬ 
tics/parameters  were  monitored  throughout  the  testing.  Tests  were  continued 
until  component  failure.  The  objective  of  the  laboratory  study  was  to  define 
critical  wear  particle  characteristics/parameters  which  effectively  reflect 
component  wear  condition. 

3.  SYSTEM  APPLICATION.  The  third  and  final  phase  of  the  program  involved 
the  application  of  laboratory  findings  and  conclusions  to  field  operating  equip¬ 
ment.  The  objective  of  the  system  application  phase  was  to  verify  laboratory 
results  through  field  equipment  application.  Field  equipment  control  groups 
were  established.  These  control  groups  periodically  submitted  lubricant  samples 
to  NAVAIRENGCEN  for  storage.  Respective  control  group  failure  information  was 
also  submitted  to  NAVAIRENGCEN .  This  process  created  a  repository  of  failure 
information  combined  with  a  respective  series  of  preceding  lubrication  samples. 
Critical  wear  particle  parameters,  defined  under  the  laboratory  program  phase, 
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were  monitored  in  these  series  and  related  to  respective  failure  information. 
This  application  of  laboratory  monitoring  methodologies  to  repository  oil  sample 
failure  series  serves  to  verify  the  laboratory  results. 

F.  Results  of  the  first  two  program  elements  will  be  summarized  in  this  report. 
The  third  program  phase,  system  application,  results  will  be  summarized  in  a 
later  document. 


IV.  PHASE  I:  DATA  BASE 


A.  GENERAL 

1.  The  Data  Base  Program  Phase  served  to  provide  information  necessary  to 
initiate  meaningful  laboratory  testing,  effectively  monitor  required  test  param¬ 
eters,  and  thoroughly  evaluate  test  results.  It  was  concluded  under  this  phase 
that  a  major  portion  of  mechanical  systems  could  be  broken  down  into  four  wear 
producing  interfaces:  rolling  point  contact,  rolling  line  contact,  sliding 
contact,  and  a  combination  of  sliding  and  rolling  contact.  Examples  of  mechani¬ 
cal  components  exhibiting  these  interfaces  are  ball  bearings,  roller  bearings, 
pistons/cylinders,  and  gears  respectively.  These  components  thus  received  major 
emphasis  under  the  resulting  testing  program. 

2.  When  component  definitions  were  established,  a  complete  bench  test  pro¬ 
gram  was  formulated  for  each  component.  A  detailed  description  of  bench  test 
equipment,  procedures,  and  parameters  will  be  presented  in  Section  V  of  this 
report. 


3.  In  order  to  monitor  both  wear  surface  condition  and  wear  particulate 
characteristics,  so  as  to  make  correlation  between  the  two  possible,  a  categor¬ 
ization  format  was  developed  for  each.  These  formats  are  described  as  follows. 
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B.  WEAR  MODE  CATEGORIZATION.  In  order  Co  adequately  categorize  pertinent  test 
wear  modes,  a  matrix  was  developed  for  each  prime  component.  These  matrices 
relate  component  operational  parameters,  wear  modes,  and  causal  factors.  Ball 
bearing,  roller  bearing,  gear,  and  piston/ cylinder  matrices  are  presented  in 
Tables  1  through  4,  respectively. 

C.  WEAR  PARTICLE  CATEGORIZATION.  In  order  to  adequately  categorize  wear  debris/ 
particles  during  laboratory  testing,  a  categorization  list  was  developed.  This 
list  included  a  number  of  distinct  particle  types  and  their  respective  charac¬ 
teristics.  These  particle  types  are  described  in  the  following  paragraphs. 

1.  RUBBING  WEAR  PARTICLES.  These  particles  are  generated  whenever  two 
pieces  of  metal  rub  together  in  the  presence  of  a  lubricant.  It  has  been  found 
that  they  originate  in  a  shear  mix  layer  which,  in  the  case  of  steel,  is  in  the 
order  of  1 jxbl  thick  and  exhibits  only  a  short-range  crystalline  order.  This 
layer,  the  significance  of  which  has  only  recently  been  appreciated,  has  unique 
properties  different  from  those  of  the  underlying  metal.  Most  wear  of  rubbing 
metal  surfaces  is  the  result  of  flaking  off  of  pieces  of  the  shear  mix  layer,  as 
the  result  of  a  network  of  cracks  that  gradually  develop  with  repeated  passes  of 
the  opposing  surface.  This  type  of  wear  is  relatively  benign  and  is  fundamental 
to  boundary  layer  lubrication. 

2.  CUTTING  WEAR  PARTICLES.  Cutting  wear  particles  have  the  appearance  of 
tiny  lathe  chips  or  coils  of  fine  wire.  Such  particles  are  the  result  of  the 
failure  of  the  boundary  layer  lubrication  and  are  usually  associated  with  high 
surface  contact  forces.  They  may  also  be  generated  by  the  presence  of  abra¬ 
sives. 

3.  FATIGUE  CHUNKS.  Another  type  of  particle  is  the  fatigue  chunk.  These 
particles  are  composed  of  free  metal,  usually  ferrous  and  show  crystalline  faces 
containing  considerable  detail.  They  are  approximately  as  long  as  they  are  wide 
and  are  often  several  microns  thick.  Such  particles  are  generated  by  certain 
types  of  gear  wear  and  are  seen  in  other  situations  where  cracking  perpendicular 
to  the  surface  can  develop. 
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TABLE  1.  BALL  BEARING  FAILURE  MODES 


111)  -  Penning  -  Extensive  Heevy  Sneer  (is long  Dents  Pattern  of  Heavy  Cage 

Raceway  Spalling  at  Sluing,  Tracks  and  l  Plat  Spots  Oblong  Scuff  Hear  and 
Spalling  Race  Frosting,  Olscoloretton  on  Balls  t  (  Fret  Harks  Breakage 

Shoulder  Microspalling  on  Raceways  Raceways,  on  Raceways. 

of  Stressed  and  Bells  Brlnnelllng  False 

_ Surfaces _ _  BrlnnelHno _ 


Heavy,  pro-  Heavy  load  can  Very  heevy  A  heevy  load 

longed  load  Increase  Incl-  thrust  load  My  causa  a 

dance  of  fa-  can  cause  bell  breakthrough 
tlgue  damage  to  ride  over  of  a  thin  file 
_  shoulder  _ 

Shock  load  _______ 

cl  Hay  inpose  Hear  track  My 

Misalignment  heavier  loads  run  close  to 
shoulder 


Permanent  de¬ 
formations  My 
occur  If  load 
exceeds  static 
capacity 
can  cause  per- ' 
manent  dentine 


Can  impose 
heavy  loads  o 
pockets 


ny  i  pa 

(TRziTTSH 
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TABLE  2.  ROLLER  BEARING  FAILURE  MODES 


(1) 

(2) 

(3) 

<*) 

(5) 

Roller  and 

Spalling  at 

Extensive 

Heavy  Samar 

Oblong  Dents  t 

Racaway 

Roller  and 

Glazing. 

Tracks  and 

Flat  Spots 

Spalling 

Raceway  Edge 

Frosting. 
Nlcrospalllng 
of  Stressed 
Surfaces 

Discoloration 

on  Rollers  1 

of  Contact 

on  Raceways 
and  Rollers 

Raceways, 

Brlnnelllng 

Oblong  Scuff 
and  Fret 
Marks  on 
Raceways, 


Heavy  Cage 
Hear  and 
Breakage 


uni 


ii.TBPrnri’ rjj 


sliding  and 
skewing  of 
rollers 
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TABLE  3.  GEAR  FAILURE  MODES 
(Continued) 
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4.  LAMINAR  PARTICLES.  Laminar  particles  are  found  in  connection  with  gear 
and  rolling  bearing  wear.  They  are  exceedingly  bright,  free  metal  particles 
most  frequently  seen  in  connection  with  rolling  bearing  wear.  The  particles  are 
thin,  typically  3/4/cm  thick,  and  generally  have  holes  in  their  surface.  They 
appear  to  be  the  result  of  rolling  out  of  the  metal  as  could  occur  in  the  shear 
er  on  the  ball  bearing  track  or  near  the  pitch  line  of  gears. 

5.  SPHERICAL  PARTICLES  (FREE  METAL  SPHERES).  Spherical  particles  are  gen¬ 
erated  by  the  thousands  in  cases  where  micro-cracks  are  present  in  rolling  bear¬ 
ings,  such  as  ball  bearings  and  roller  bearings,  lubricated  by  either  oil  or 
grease.  They  range  in  size  from  less  than  lju.m  to  more  than  20.0/<tm.  The  smaller 
sizes  are  much  more  numerous.  Up  to  several  million  spheres  can  be  generated  in 
the  course  of  a  bearing  fatigue  failure.  These  spherical  particles  are  not  to 

be  confused  with  polymer  spheres  or  oxide  spheres.  The  polymer  spheres  are 
thought  to  be  the  result  of  polymerization  of  oil  around  wear  particles  which 
serve  as  a  nucleating  catalyst.  Oxide  spheres  are  produced  in  a  variety  of 
ways,  but  probably  the  most  common  is  fretting  of  steel  surfaces.  The  non-free 
metal  spheres  are  easily  distinguished  from  free  metal  spheres  by  virtue  of  the 
reflectivity  and  opacity  of  the  free  metal. 

6.  CORROSIVE  WEAR  PARTICLES.  Corrosive  wear  particles  are  those  particles 
which  have  been  digested  by  the  lubricant.  They  are  distinguished  from  red  and 
black  oxides  of  iron  because  they  are  generally  colorless  and  much  more  trans¬ 
parent.  They  may  be  chlorides  of  the  wearing  material. 

7.  OXIDE  PARTICLES.  Some  wearing  systems  show  large  quantities  of  the  red 
oxide  of  iron,  hematite,  Fe203.  These  particles  are  the  result  of  rusting  in 
the  machine  and  generally  indicate  the  presence  of  moisture  or  moist  conditions 
which  permit  the  rusting  to  occur.  The  rust  is  usually  not  generated  at  the 
wearing  surface,  but  is  simply  material  flaked  off  of  shafts,  the  insides  of 
pipes,  and  many  other  places.  (The  oxides  of  other  metals  may  be  white,  b?  , 
green,  or  yellow,  depending  on  the  metal.) 
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8.  DARK  METALLO-OX IDE  PARTICLES.  Another  category  consists  of  dark  metal- 
lo-oxide  particles  which  are  thought  to  be  principally  Fe3(>4,  magnetite.  These 
particles  are  non-stoichiometric  oxides  and  may  be  thought  of  as  oxides  with 
iron  dissolved  in  them.  They  are  surprisingly  more  opaque  than  would  be  ex¬ 
pected  from  pure  Fe304-  These  particles  appear  as  black  or  very  dark  chunk-like 
particles,  similar  to  pieces  of  hard  coal.  It  is  postulated  that  they  are  suf¬ 
ficiently  hard  to  cause  surface  denting  and  subsequent  micro-cracking  of  the 
surfaces  of  rubbing  elements  in  bearings.  A  second  type  of  dark,  chunk-like 
particle  has  been  found,  usually  accompanied  by  dark,  flat  platelets  with  straight 
sides.  They  appear  to  be  the  wear  product  from  carbon  seals  or  separators.  The 
chunk-like  particles  do  not  have  the  sharp  edges  characteristic  of  magnetite; 

the  fracture  surfaces  are  conchoidal,  similar  to  that  of  glass. 

9.  HONFERROUS  METALLIC  PARTICLES.  These  particles  may  belong  to  any  of  the 
first  five  categories. 

10.  HYBRID  PARTICLES.  Hybrid  particles  are  composed  of  nonferrous  material 
which  also  contains  some  iron.  They  result  from  the  wearing  of  some  non-ferrous 
alloy,  such  as  bronze,  against  steel. 

11.  NONMETALLIC  CRYSTALLINE  PARTICLES.  Nonmetallic  crystalline  particles 
are  common,  the  most  familiar  example  being  sand.  However,  other  oxides  and 
carbides,  such  as  silicon  carbide,  are  also  frequently  seen.  The  significance 
of  such  particles  depends  on  local  conditions.  The  presence  of  sand,  for  ex¬ 
ample,  can  indicate  an  air  filter  failure  or  a  bearing  seal  that  is  leaking. 

12.  AMORPHOUS  MATERIAL.  Amorphous  material  consists  of  deposits  of  mater¬ 
ial  which  do  not  have  a  specific  shape.  The  material  is  usually  translucent  but 
often  contains  thousands  of  metal  particles.  Various  contaminant  polymers  such 
as  gasket  material  and  plasticizers  are  the  major  sources  of  this  material. 
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V.  PHASE  II:  LABORATORY  STUDY 

A.  GENERAL.  The  Laboratory  Study  Program  Phase  served  to  provide  actual  test 
data  related  to  bench  testing  of  ball  bearings,  roller  bearings,  gears,  and 
piston/ cylinders.  A  series  of  tests  was  conducted  under  each  group  in  which 
components  were  run  to  failure  under  simulated  field  operating  conditions.  In 
order  to  simplify  the  analysis,  each  component  was  run  in  its  own  individual 
lubricant  system.  Component  surface  condition/wear  was  regularly  monitored 
during  testing.  Wear  debris  was  also  characterized  during  testing  through  the 
analysis  of  withdrawn  lubricant  samples.  Results  of  both  surface  wear  monitor¬ 
ing  and  respective  wear  debris  monitoring  were  then  correlated. 

B.  ANALYTICAL  TECHNIQUES.  During  the  Laboratory  Phase  various  monitoring  tech¬ 
niques  were  utilized  during  component  bench  testing.  These  techniques  served  to 
assess  operational  parameters,  wear  surfaces,  and  wear  debris  characteristics. 
These  three  groups  will  be  discussed  separately. 

1.  OPERATIONAL  PARAMETERS.  Techniques  that  fall  under  this  category  were 
used  to  monitor  test  conditions  utilized  in  component  bench  testing.  Operating 
conditions  such  as  load,  sps°d,  vibration,  and  temperature  were  monitored.  Con¬ 
ventional  techniques  were  utilized  to  monitor  these  operational  parameters,  and 
therefore  a  detailed  discussion  of  these  techniques  is  not  necessary  in  this 
report. 

2.  WEAR  SURFACES.  In  order  to  thoroughly  monitor  the  wear  surfaces  before, 
during,  and  after  bench  testing,  several  techniques  were  utilized: 

a.  Profilometer 

b.  Optical  Microscope 

c.  Scanning  Electron  Microscope  (SEM) 

d.  Transmission  Electron  Microscope  (TEM) 

e.  Direct  Measuring  Devices  (Micrometers,  Gauges,  etc.) 

These  techniques  are  rather  standard  and  as  such  they  warrant  no  further  elab¬ 
oration. 
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3.  WEAR  DEBRIS.  The  assessment  of  wear  debris/particulate  characteristics 
proved  to  be  most  challenging.  A  total  assessment  effort  was  implemented  through 
the  utilization  of  a  combination  of  both  existing  and  new  analysis  techniques. 
These  techniques  are  briefly  summarized  in  the  following  paragraphs.  Signifi¬ 
cant  techniques  are  amplified  in  Section  VI  of  this  document.  Amplifications 
are  included  for  spectrometric  analysis  and  ferrographic  analysis. 

a.  Analysis  Specimen.  During  the  Oil  Analysis  Program  several  specimen 
formats  were  utilized  with  respect  to  particle  analysis.  These  formats  were 
subjected  to  one  or  more  analysis  techniques.  Specimen  formats  included  Milli- 
pore  patch,  ferrogram,  and  direct  lubricant.  Direct  lubricant  analysis  refers 
to  analysis  of  debris  while  still  suspended  in  a  lubricant  sample.  This  spe¬ 
cimen  format  is  obvious  and  will  not  be  further  explained.  Both  the  Millipore 
patch  and  ferrogram  specimen  formats,  on  the  other  hand,  involve  separation  of 
debris  from  the  fluid  sample.  These  approaches  are  discussed  in  the  following 
paragraphs. 


(1)  Millipore  Patch.  This  specimen  format  is  created  by  passing  a 
lubricant  sample  through  a  filter  patch.  Contained  particulates  are  thus  fil¬ 
tered  from  the  fluid  sample  and  deposited  on  the  patch  filter  matrix.  Filter 
sizes  can  be  selected  according  to  user  requirements.  Lubricant  flow  is  induced 
through  the  filter  patch  by  a  vacuum  technique.  Following  flushing  and  drying 
the  filter  patch,  the  resulting  debris  deposit  can  be  utilized  under  various 
analysis  techniques. 

(2)  Ferrogram.  This  specimen  format  is  created  by  passing  a  lubri¬ 
cant  sample  over  a  glass  substrate  which  is  suspended  in  a  variable  strength 
high  gradient  magnetic  field.  Contained  particulates  are  those  precipitated 
from  the  fluid  sample  by  magnetic  attraction.  These  particles  in  turn  are  de¬ 
posited  on  the  glass  substrate.  The  variable  field  high  gradient  magnet  serves 
to  classify  the  debris  with  respect  to  size/mass  over  the  length  of  the  sub¬ 
strate.  Following  flushing  and  fixing,  the  resulting  substrate  debris  deposit 
can  be  utilized  under  various  analysis  techniques.  A  more  detailed  description 
of  the  ferrogram  is  provided  under  Section  VI  of  this  document. 
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b.  Analysis  Techniques.  The  above  outlined  wear  particle  specimen 
formats  were  subjected  to  various  analysis  techniques  in  order  to  characterize 
the  respective  debris.  These  analysis  techniques  include  the  Millipore  Particle 
Measurement  Computer,  the  Ferroscope,  the  Scanning  Electron  Microscope,  the 
Royco  Particle  Counter,  and  the  Spectrometer.  A  brief  description  of  each  is 
provided  in  the  following  paragraphs. 

(1)  Millipore  Particle  Measurement  Computer  (T^MC).  The  'tfMC  system 
utilizes  a  chemically  treated  transparent  Millipore  patch  specimen.  This  tech¬ 
nique  operates  on  the  light  blockage  principal.  When  light  passes  through  the 
transparent  patch,  a  photo  detector  registers  the  light  blocked  by  a  particle. 
The  computer  analyzes  this  blockage  to  determine  the  major  dimension  of  the 
particle.  Typically,  five  fields  on  the  patch  are  analyzed  for  particle  sizes 
relative  to  seven  thresholds  (l^m,  3^um,  5 y<m,  7^um,  10^-m,  lSyon,  and  40^um) . 
The  particle  counts  in  these  five  fields  are  normalized  to  100  ml  of  sample 
volume  to  yield  the  particle  size  distribution  and  total  particle  count.  This 
data  is  useful  for  trending  total  particle  count  versus  equipment  operating  time 
and  also  trending  the  ratio  of  large-to-small  particle  counts  versus  equipment 
operating  time. 

(2)  Ferroscope.  The  Ferroscope  or  optical  microscope  is  capable  of 
utilizing  both  the  Millipore  patch  and  ferrogram  specimen  formats.  However,  as 
the  name  implies,  the  ferrogram  format  is  specifically  tailored  to  Ferroscopic 
analysis.  Analysis  yields  data  concerning  particle  morphology,  gross  composi¬ 
tion,  height  of  entry  deposit,  gross  indications  of  particle  quantity,  and  ratio 
of  large-to-small  particles.  Particles  can  be  categorized  with  respect  to: 

Shape 

Surface 

Size  (length,  width,  and  height) 

Color  (via  polarizer/analyzer  combinations) 

Composition  (via  red/green  filter  combinations) 

Quantity 

Size  Distribution. 
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(a)  Densitometer.  Ferroscope  utility  can  be  enhanced  by  the 
utilization  of  an  integrated  densitometer.  This  accessory  is  primarily  utilized 
for  ferrogram  specimen  characterization.  The  densitometer  indicates,  by  digital 
readout,  the  light  blockage  of  a  given  microscopic  field  of  view  on  a  ferrogram. 
By  taking  several  measurements  along  the  length  of  the  ferrogram,  one  can  quan¬ 
titatively  assess  both  debris  quantity  as  well  as  size  distribution. 

(3)  Scanning  Electron  Microscope  (SEM).  SEM  analysis  is  capable  of 
utilizing  both  specially  coated  Millipore  patch  and  ferrogram  specimen  formats. 
The  electron  microscope  is  capable  of  higher  magnification  than  the  optical 
microscope.  In  this  microscope  an  electron  beam  excites  the  specimen.  The 
specimen  image  can  then  be  formed  from  the  transmitted  electrons,  reflected 
electrons,  absorbed  electrons,  or  the  secondary  electrons.  Typically,  the  sec¬ 
ondary  electron  image  is  used  to  study  the  particle  morphology  in  great  detail. 
With  the  addition  of  an  X-ray  detector  to  the  microscope,  particle  composition 
may  be  studied  qualitatively.  Qualitative  information  suggests  the  possible 
source  of  that  particle.  The  Millipore  patch  or  ferrogram  specimen  is  prepared 
by  coating  the  specimen  with  carbon  or  gold,  by  means  of  evaporation,  before 
introduction  to  the  SEM. 

(4)  Royco  Particle  Counter.  Royco  Counter  analysis  characterizes 
debris  directly  in  the  lubricant  sample.  The  Royco  Counter  operates  on  the 
principal  of  light  blockage.  A  light  source  passes  light  through  a  small  criti¬ 
cal  volume  of  sample  liquid.  The  reduction  in  light  intensity  (blockage),  due 
to  particles  passing  one  at  a  time  through  the  critical  volume,  is  monitored  by 
a  photodiode.  The  particle  is  counted  and  its  major  dimension  is  determined  in 
this  manner.  These  quantities  and  dimensions  are  integrated,  or  categorized, 
into  five  selected  size  ranges  (i.e.  2-5 /«n,  5-7,ura,  7-15/tm,  15-25>«.m,  25-100 

^un)  thus  yielding  data  concerning  particle  size  distribution  and  total  particle 
count.  The  total  count  and  size  distribution  versus  equipment  operating  time 
may  be  considered  for  developing  equipment  trending. 
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(5)  Spectrometer  (Baird  Atomic  FAS-2).  Spectrometric  analysis,  as 
in  the  case  of  the  Royco,  characterizes  debris  directly  in  the  lubricant  sample. 
The  spectrometer  is  the  unit  currently  used  throughout  the  military  system  (i.e. 
SOAP  program,  NOAP  program,  and  ASOAP  program)  for  oil  analysis.  The  atomic 
emission  type  spectrometer  burns  the  oil  sample  in  an  arc  between  two  carbon 
electrodes.  A  diffraction  grating  analyzes  the  emitted  light  spectrum  into 
distinct  spectral  patterns  for  each  of  12  elements.  (Twenty  different  elesients 
may  be  analyzed  simultaneously.)  The  spectrum  intensity  indicates  the  concen¬ 
tration  of  the  spectrum  identified  element  in  parts  per  million  (PPM)  by  weight. 
The  concentrations  of  the  12  elements  are  monitored  with  respect  to  equipment 
life,  in  order  to  assess  changes  of  the  wear  state. 

c.  Wear  Particle  Analysis 

(1)  Technique  Summary.  In  order  to  clarify  the  above  discussions  of 
wear  particle  analysis  techniques,  a  summary  of  devices  and  their  respective 
specimen  format  is  presented  in  the  following  table: 


TABLE  5.  ANALYSIS  TECHNIQUE  SUMMARY 


DEVICE 


Millipore 

Patch 


SPECIMEN  FORMAT 


Ferrogram 


Oil 

Suspension 


IT  MC 

Ferroscope 

Densitometer 

SEM 

Royco  Counter 
Spectrometer 


X 

X 


X 

X 

X 


X 

X 
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(2)  Based  on  program  performance,  a  list  of  analysis  techniques  and 


their  respective  major  advantages  and  disadvantages  are 


summarized  in  Table  6. 


TABLE  6.  ANALYTICAL  TECHNIQUES,  ADVANTAGES, 
AND  DISADVANTAGES 


DATA 

ADVANTAGES 

DISADVANTAGES 

Mllllporc 

Particle 

Measurement 

Computer 

1*  MC) 

Determines  particle 
counts  In  seven  ranges: 
1-3  ur  7-10  im 

3-5  pm  10-15  m 

5-7  irn  15-40  im 

>40  UR 

Hater  Is  filtered  from 
sample.  6as  bubbles 
present  no  problem. 

-  Provides  no  composition  data 
or  morphology  data. 

-  Timely  specimen  preparation. 

-  Timely  analysis  procedure 

Spectrometer 
(FAS— 2) 

PPM  by  weight  for  12 
elements. 

-  Gives  composition  of 
sample  debris. 

-  No  special  sample 
preparation. 

-  Rapid  analysis. 

-  Provides  PPM  of  elements  Irre¬ 
spective  of  compounds. 

-  Provides  no  morphology  data. 

-  Particle  sizes  are  limited. 

-  Concentrations  reflect  every- 
thlna  In  samole. 

Royco  Particle 
Counter 

Determines  particle 
counts  In  five  ranges: 
2-5  ua  7-15  UR 

5-7  UR  15-25  UR 

25-100  UR 

-  Rapid  analysis. 

•  Limited  sample  prepa¬ 
ration  In  most  cases. 

-  Subject  to  vibration. 

-  Coincidence  of  particles,  gas 
bubbles,  and  water  Influences 
count. 

-  Counts  all  debris  regardless 
of  source. 

-  Provides  no  composition  or 
morphology  data. 

-  Counts  5K  to  30K  particles  per 
10  ml  (dilution  of  samples  may 
be  needed  to  avoid  saturation). 

Ferroscope 

Determines  particle  di¬ 
mensions:  length, 
width,  height.  Provides 
gross  composition,  par¬ 
ticle  morphology,  and 
density  readings  (gross 
particle  number  and 
gross  size  distribu¬ 
tion!. 

-  Allows  for  analysis  by 
color. 

•  Capable  of  recording 
Images  with  camera 
(color). 

•  Indicates  morphology. 

-  Low  magnification  and  small 
depth  of  focus. 

•  Provides  limited  particle 
composition  analysis. 

-  Magnetic  debris  limited. 

-  Time  consuming. 

-  High  cost. 

-  Special  specimen  preparation. 

•  Quantitative. 

Densitometer 

Determines  percent  of 
area  covered.  Provides 
gross  particle  quantity 
and  gross  size  distri¬ 
bution. 

•  Indicates  quantity  and 
size  distribution. 

-  Quantitative. 

-  Timely  specimen  preparation. 

Scanning 
Electron 
Microscope 
(With  X-ray 
Soectrometer) 

Determines  particle 
morphology  and  compo¬ 
sition. 

-  Determines  composition 
of  a  particle  and  de¬ 
tailed  morphology. 

•  Allows  great  depth  of 
focus . 

-  Loses  optical  characteristics. 

-  Costly. 

-  Time  consuming. 

•  Timely  specimen  preparation. 
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C.  BENCH  TESTING  AMP  ANALYSIS 


1.  GENERAL 


a.  Bench  testing  was  performed  on  ball  bearings,  roller  bearings,  gears, 
and  pistons/cylinders.  Each  component  was  run  to  failure  under  operating  con¬ 
ditions  approximating  component  field  operating  conditions.  Independent  closed- 
loop  lubrication  systems  were  used  for  each  component  in  order  to  eliminate 
sources  of  contamination  other  than  that  produced  by  the  component  itself.  Sur¬ 
face  wear  of  each  component  was  monitored  throughout  each  test  sequence.  Peri¬ 
odic  oil  samples  were  systematically  extracted  from  the  lubricant  system  for 
utilization  in  the  wear  particle  categorization  effort.  Surface  analysis  re¬ 
sults  were  then  correlated  with  wear  particle  analysis  results. 

b.  The  following  paragraphs  will  deal  with  each  component  on  an  indivi¬ 
dual  basis.  Each  section  will  include  a  discussion  of  test  procedure,  surface 
monitoring,  and  wear  debris  analysis. 

2.  BALL  BEARING  BENCH  TESTING.  Ball  bearing  bench  testing  was  performed  by 
SKF  Industries,  Inc.  Bearing  tests  were  divided  between  uninterrupted  and  in¬ 
terrupted  sequences.  Details  of  this  test  effort  and  respective  analysis  effort 
are  provided  in  the  following  paragraphs. 

a.  Ball  Bearing  Test  Procedure 

(l)  The  test  program  consisted  of  endurance  and  bench  testing  of 
ball  bearings  in  closed-loop  lubrication  systems.  The  deep  groove  ball  bearings 
were  made  of  through-hardening  grade  AISI  52100  steel  and  were  tested  under 
radial  load.  Component  steel  was  carbon  vacuum  deoxidized  (CVD)  bearing  quality 
steel.  A  schematic  drawing  of  the  type  of  test  ball  bearing  is  shown  in  Figure 
1. 


42 


NAEC-92 


FIGURE  1 

SCHEMATIC  DRAWINGS  OF  TEST  BALL  BEARING 
(TYPE  6309  DEEP-GROOVE  BALL  BEARING) 
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(2)  The  bearing  tests  were  conducted  on  standard  SKF  type  R-2  ma¬ 
chines.  A  line  diagram  of  the  standard  machine  setup  is  shown  in  Figure  2.  In 
the  present  series  of  tests,  the  existing  lubrication  system  on  the  machine  was 
disconnected  and  a  separate,  closed-loop  lubrication  system,  shown  schematically 
in  Figure  3,  was  installed  for  each  test  bearing.  The  oil  was  recirculated  by  a 
magnetically  coupled  centrifugal  pump.  An  assembly  drawing  of  the  pumping  cham¬ 
ber  of  the  pump  is  shown  in  Figure  4.  Teflon  tubing  was  used  in  these  isolated 
lubrication  systems  to  prevent  complication  in  ferrogram  analysis  due  to  chemi¬ 
cal  interactions  between  the  tubing  and  the  ester  base  MIL-L-23699  oil. 

(3)  The  test  parameters  for  the  ball  bearing  tests  are  listed  in 
Table  7.  Under  the  test  conditions  used,  the  theroetical  L}q  life  (life  by 
which  102  of  the  bearings  are  expected  to  fail)  for  the  ball  bearing  type  is  10 
million  revolutions  (m.r.)  (Appendix  A).  The  theoretical  Ljq  life  is  computed 
for  a  Weibull  slope  of  1  and  is  5  times  the  Ljq  life  as  shown  in  the  table.  The 
number  of  stress  cycles  on  the  inner  ring  (f^)  for  one  revolution  of  the  inner 
ring  is  given  by: 

f£  *  0.5  Z  (1  +  Dw/dm  cos°<), 


where  Ball  Bearing 


Z  ■  No.  of  rolling  elements  8 

Dw  "  diameter  of  rolling  elements  (mm)  17.5 

dm  »  pitch  diameter  (mm)  72.5 

ot  -  contact  angle  (degrees)  0 

fj  ■  No.  of  stress  cycles/rev.  of  inner  ring  5 


(4)  A  computer  monitoring  system  was  set  to  abort  a  test  when  the 
bearing  operating  temperature  rises  above  125°C.  A  Robertshaw  vibraswitch  was 
also  set  to  terminate  the  test  when  bearing  spalling  failure  occurred,  by  re¬ 
acting  to  an  increase  in  vibration  level  of  the  test  head. 
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LOADING  BEAM 


FIGURE  3 

SCHEMATIC  DIAGRAM  OF  CLOSED-LOOP  LUBRICATION 
SYSTEM  FOR  OIL  ANALYSIS  PROGRAM 
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FIGURE  4 

OIL  WETTED  COMPONENTS  OF  THE  RECIRCULATING  PUMP 
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TABLE  7.  BALL  BEARING  TEST  PARAMETERS 


6309  Deep-Groove 
Ball  Bearing 


1. 

Bore  diameter  (D,  mm) 

45 

2. 

Speed  (N,  rpm) 

9,700 

3. 

DN  x  10"6 

0.44 

4. 

Lube 

MIL-L- 23699 

5. 

Lube  viscosity  at  38/100°C  (cs) 

25/5.1 

6. 

Radial  load  (kN) 

18.8 

7. 

Axial  load  (kN) 

0 

8. 

Bearing  capacity  (kN) 

40.5 

9. 

Theoretical  Lio  Life: 

106  inner  ring  revolutions 

10 

10**  stress  cycles 

50 

10. 

Theoretical  L50  Life: 

106  inner  ring  revolutions 

50 

10*  stress  cycles 

250 

11. 

Operating  temperature  (C) 

90 

12. 

Lube  film  parameter 

1.8 
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(5)  In  order  to  accelerate  bearing  failure,  the  inner  ring  surfaces 
of  the  test  bearings  were  initially  dented  with  a  Vickers  pyramidal  indenter 
using  a  10  kg  load.  The  indentor  has  an  apex  angle  of  136°  giving  a  diagonal- 
to-depth  ratio  of  approximately  4.3.  On  a  bearing  surface  having  a  hardness  of 
Rc60,  the  length  of  the  diagonal  of  the  dent  is  approximately  160 /an. 

(6)  Fourteen  ball  bearings  were  tested.  Ten  bearings  were  subjected 
to  endurance  testing  and  four  were  subjected  to  interrupted  test  sequences. 
Respective  designations  for  these  bearings  are  given  in  Table  8.  As  can  be 
observed  from  this  table,  two  designation  systems,  SKF  and  Navy,  were  utilized 
under  the  test  program.  These  designations  will  be  used  interchangeably  through¬ 
out  this  report. 

(7)  Three  R-2  machines  each  having  two  test  heads  were  set  up  to 
test  the  bearings.  Endurance  testing  of  ten  bearings  was  first  completed  in 
order  to  establish  the  time  intervals  at  which  the  remaining  tests  should  be 
interrupted  for  visual  and  scanning  electron  microscopic  examination  of  the 
surface  of  the  inner  ring.  The  following  approximate  schedule  of  observations 
was  chosen  based  on  the  endurance  test  results: 

Ball  bearings:  5,  75  and  150  x  10&  revs. 

(8)  All  ball  bearing  tests  were  conducted  utilizing  ester  base  MIL¬ 
L-23699  lubricant.  This  lubricant  was  provided  to  SKF  by  the  Navy. 

(9)  In  order  to  minimize  liquid  borne  debris  and  thus  simplify  the 
debris  analysis  process,  the  as-received  oil  was  filtered  through  a  3/tm  Milli- 
pore  filter  before  being  used  for  the  tests.  About  two  gallons  of  oil  were  used 
to  fill  each  tank  at  the  start  of  the  test.  The  amount  was  not  allowed  to  de¬ 
crease  below  1.5  gallons.  This  was  achieved  by  adding  new  oil  to  each  tank  at 
recorded  intervals. 
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(10)  Oil  samples  were  collected  three  times  a  week  from  all  the 
tests.  The  samples  were  withdrawn  by  a  0.25-inch  glass  tube  fitted  with  a  suc¬ 
tion  bulb.  A  separate  sampler  was  maintained  for  each  tank.  To  inhibit  chem¬ 
istry  changes  in  the  lubricant,  the  samples  were  kept  cold  until  they  were  sub¬ 
jected  to  analysis.  The  f'me  table  for  oil  sample  withdrawal  for  ball  bearings 
is  given  in  Table  8.  The  times  at  which  interrupted  test  bearings  were  examined 
are  underlined.  When  a  given  bearing  failed,  an  analysis  of  the  oil  samples  in 
the  reverse  order  revealed  the  time  in  the  life  of  the  bearing  at  which  a  no¬ 
ticeable  change  in  the  characteristics  of  the  oil  borne  debris  occurred. 

(11)  The  bearings  were  modified  to  facilitate  their  assembly  and 
disassembly  for  periodic  examination  of  the  inner-ring  surfaces  during  bench 
test.  The  modified  6309  ball  bearings  used  a  snap  cage  as  in  standard  SKF  en¬ 
durance  tests  instead  of  the  riveted  ribbon  cage  used  in  most  field  applica¬ 
tions.  Sixteen  ball  bearings  were  modified  for  use  in  this  program;  of  these, 

14  ball  bearings  were  tested. 

b.  Ball  Bearing  Surface  Monitoring 

(1)  The  average  dimension  of  the  diagonal  of  the  two  dents  on  each 

of  the  test  bearings,  the  corresponding  Rockwell  hardness  (Rc)  values,  and  the 
fatigue  lives  of  the  ball  bearings  are  listed  in  Table  9.  It  is  seen  from  the 

table  that  of  the  14  ball  bearings  tested,  7  failed  at  the  dent,  5  did  not  fail 

at  the  dent,  and  2  tests  were  suspended  without  failure. 

(2)  The  results  of  Weibull  analysis  of  the  fatigue  life  data  for  the 
ball  bearings  are  presented  in  Table  10.  The  table  shows  that  the  L^q  life  of 
the  6309  bearing  is  approximately  7  times  greater  than  its  theoretical  life. 

(3)  The  character  of  a  rolling  contact  surface  is  described  by  sur¬ 
face  roughness  given  in  ^urn  AA  and  the  RMS  slope  angle  of  the  asperities.  The 

slope  angle  is  measured  with  reference  to  the  horizontal  so  that  the  flatter  the 
surface  the  lower  the  slope  angle.  These  parameters  were  measured  on  selected 
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TABLE  9.  SUMMARY  OF  BALL  BEARING  TEST  RESULTS 


Type  Test 

Bearing  ID 
Navy  SKF 

Indent 

Size 

(uo) 

Rockwell 

Hardness 

(K) 

No.  of 

Oil 

Samples 

Life 

(m.r.) 

Endurance 

BQ 

001 

162 

60. A 

10 

2A3 

II 

BR 

002 

161 

60.8 

16 

A08 

•• 

BS 

007 

163 

60.0 

20 

596 

•1 

BT 

010 

163 

60.0 

7 

211 

•1 

BU 

012 

163 

60.0 

2 

13. A 

II 

BV 

017 

161 

60.8 

20 

A8A 

fl 

BW 

019 

162 

60. A 

7 

160 

II 

BX 

020 

162 

60. A 

9 

267 

•t 

BY 

021 

162 

60. A 

17 

375 

•1 

BZ 

02A 

161 

60.8 

10 

310 

Bench 

BA 

025 

163 

60.0 

11 

225 

II 

BB 

026 

162 

60. A 

5 

80.6 

VI 

BC 

028 

160 

61.0 

12 

288 

It 

BD 

029 

161 

60.8 

9 

167 

*  T  •  Terminated  without  failure 

(a)  -  Failed  at  Vickers  Indentation 

(b)  “  Did  not  fall  at  Vickers  indentation 


TABLE  10.  WEI BULL  ANALYSIS  OF  BALL  BEARING 
FATIGUE  LIFE  RESULTS 

Ball  Bearing 
6309 

1.  Median  Bias  Corrected  L^o 

10®  revolutions  70. A 

106  stress  cycles  352.0 


2.  90%  Confidence  Interval  for  L10 

106  revolutions 
10&  stress  cycles 

3.  Welbull  Slope 

A.  Improvement  Over  Theoretical 
Life  of  10  m.r. 

5.  Median  Bias  Corrected  L50 

106  revolutions 
10&  stress  cycles 

6.  90%  Confidence  Interval  for  Ljq 

106  revolutions 
10*>  stress  cycles 


25.5  -  123.6 
127.5  -  615.0 

1.58 

7.0AX 


255.8 

1279.0 


171.3  -  37A.5 
856.5  -  1872.5 


Element 

Failed 

IR(a) 

IR(b> 

IR(a) 

IR(a) 

IR(a) 

T* 

IR(a) 

IR(a) 

IR(b) 

IR(b) 

IR(b) 

IR(b) 

T 

IR(a) 
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endurance  cesc  bearings  in  Che  unrun  and  failed  states.  On  the  interrupted  test 
bearings,  BC  and  BD,  these  values  were  also  measured  when  the  bearings  were 
disassembled  for  intermittent  examinations.  These  measurements,  listed  in  Table 
11,  indicate  that  rolling  contact  causes  surface  roughening  and  an  increase  in 
the  asperity  slope  angle.  Intuitively  it  would  appear  that  the  flattening  of 
the  asperities  during  rolling  contact  should  give  lower  slope  angle  and  surface 
roughness  values.  This  apparent  contradiction  is  explained  by  the  presence  of  a 
large  number  of  debris  dents  on  the  rolling  surface.  The  sharp  edges  of  the 
dents  and  their  large  peak-to-valley  heights  leads  to  the  higher  slope  angle  and 
surface  roughness  values  measured  on  the  failed  bearings.  This  is  clearly  il¬ 
lustrated  in  Figure  5  which  shows  the  cross  groove  profiles  taken  on  bench  test 
bearing  BC  in  the  unrun  and  run  conditions.  To  appreciate  the  significance  of 
the  tracings,  it  is  necessary  to  understand  how  they  are  made.  These  traces  are 
made  in  such  a  way  that  if  the  radius  of  the  groove  was  perfect,  the  trace  would 
be  a  straight  line  except  for  the  trailing  ends.  In  the  cross  groove  tracing  of 
the  unrun  bearing  BC-028,  a  small  deviation  is  observed.  The  maximum  deviation 
from  perfect  radius  is  approximately  l^un  and  is  not  significant  to  the  normal 
performance  of  the  bearings. 

.  (4)  Surface  examination  was  also  conducted  with  the  help  of  optical 
^ud  scanning  electron  microscopes.  The  type  of  surface  defects  present  on  the 
as-finished  bearing  consisted  of  the  artificially  induced  Vickers  indentation 
and  grinding  furrows.  These  are  illustrated  in  Figure  6.  During  the  formation 
of  the  Vickers  indentation,  a  raised  shoulder  of  metal  is  formed  around  the 
dent.  For  a  material  of  hardness  Rc50  the  maximum  height  of  the  shoulder  is 
approximately  l.6y*m,  Figure  7.  The  height  is  lyum  for  an  Rc60  material.  Such 
a  shoulder  is  also  present  on  the  sides  of  a  grinding  furrow  although  to  a  much 
lesser  extent  since  it  is  formed  in  a  metal  removal  process.  The  presence  of 
such  a  shoulder  and  elastic  deformations  around  such  defects  during  rolling 
contact,  subjects  the  surrounding  material  to  significantly  higher  stresses. 

(5)  Due  to  these  higher  stresses  the  material  suffers  plastic  de¬ 
formation  resulting  in  glazing  and  microspalling,  Figure  8.  Surface  dents  may 
also  be  formed  due  to  debris  present  in  the  lubricant.  One  such  dent,  presently 
called  a  multifragmented  dent,  due  to  its  multifaceted  appearance,  with  its 
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P  TABLE  11.  BALL  BEARING  SURFACE  MEASUREMENT  DATA 

l  AS  A  FUNCTION  OF  MILLION  REVOLUTIONS 


Surface 

Slope 

■ 

Bearing  ID 

Million 

Roughness 

Angle 

(Naw-SKF) 

Revolutions 

(UaAA) 

(Deg) 

! 

BQ-001 

Unrun 

0.036 

1.27 

242 

0.09 

2.3 

BR-002 

Unrun 

0.042 

1.33 

408 

0.05 

2.1 

5 

BU-012 

Unrun 

0.036 

1.57 

13.4 

0.044 

1.7 

BC-028 

Unrun 

0.025 

1.23 

14.5 

0.045 

1.38 

i 

59.3 

0.06 

1.65 

162.7 

0.074 

2.27 

> 

BD-029 

Unrun 

0.025 

1.15 

1 

5.2 

0.041 

1.30 

9 

75 

0.063 

2.03 

h 


*vi  <n»K 


FIGURE  5 

CHANGES  IN  PROFILE  AND  SURFACE  TEXTURE  OF  BEARING  NO.  BC-028 
INNER  RING  RACEWAY  WITH  ROLLING  CONTACT  RUNNING  TIME 
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FIGURE  6 


•• 


3629  123X 

A.  ARTIFICALLY  INDUCED  VICKERS  HARDNESS 


INDENT 


3632  125X 

B.  FURROW  GENERATING  DURING  MANUFACTURING 


SURFACE  DAMAGE  ON  RACEWAY  OF  AN  AS-FINISHED  BALL 
BEARING  (NO.  BA-025) 
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'i 


3707  86.7  m.r.  250X  3735  86.7  m.r.  100X 

A.  SURFACE  DISTRESS  -  A  -  AND  MICRO-  B.  SURFACE  DISTRESS  AT  FURROW  SHOWN 

SPALLING  -  B  -  AT  DENT  IN  FIGURE  IN  FIGURE 


Rolling 

Direction 


3738  137.9  m.r.  250X 

C.  ROLLING  CONTACT  INDUCED  MULTIFRAG¬ 
MENT  DENT 


FIGURE  8.  ROLLING  CONTACT  INDUCED  DAMAGE  ON  BALL  BEARING  RACEWAY 
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associated  glazed  area,  is  also  shown  in  Figure  8C.  The  glazed  area  in  this 
case  is  predominantly  on  the  lagging  end  of  the  dent.  This  is  due  to  the  fact 
that  the  wear  debris  was  pushed  into  the  inner  ring  surface,  creating  a  shoulder 
ahead  of  the  bail.  These  higher  stressed  areas  undergo  a  higher  fatigue  rate 
than  the  rest  of  the  surface  and  therefore  become  preferential  failure  initia¬ 
tion  sites. 

\ 

(6)  Subsurface  defects,  such  as  inclusion  stringers,  can  also  act  as 
stress  raisers  causing  the  surrounding  material  to  fatigue  at  a  higher  rate.  It 
is  difficult  to  follow  the  progression  of  failure  at  such  areas  since  they  are 
not  noticeable  until  the  spall  breaks  out.  For  example,  in  the  case  of  bearing 
BA-025,  a  new  surface  defect  was  detected  at  182  m.r.  This  defect  was  not  de¬ 
tected  during  the  previous  intermittent  examination  at  138  m.r.  Spalling  at 
this  defect  occurred  at  225  m.r.  The  appearance  of  the  defect  at  182  m.r.  and 
that  of  the  spall  formed  at  225  m.r.  are  shown  in  Figure  9.  In  general,  the 
time  between  the  break  out  of  the  spall  to  the  surface  to  the  formation  of  the 
spall  size  at  which  the  machine  is  shut  off  by  the  vibraswitch  is  about  8  to  12 
m.r.  under  the  accelerated  test  conditions  used.  Although  under  normal  load 
conditions  the  progression  to  failure  would  take  considerably  longer,  it  would 
still  be  difficult  to  detect  a  subsurface-initiated  spall  at  the  early  stages  of 
its  inception,  by  techniques  that  examine  surfaces  or  the  wear  particles  gener¬ 
ated  therefrom. 

(7)  The  kinematics  of  the  bearing  is  also  important  to  the  way  fail¬ 
ure  progresses  around  a  surface  defect.  In  the  case  of  ball  bearings  there  are 
only  two  points  across  the  groove  at  which  pure  rolling  occurs.  Figure  10.  Be¬ 
tween  these  two  points  the  rolling  elements  slide  in  a  direction  opposite  to 
their  direction  of  rolling  (negative  slip).  Outside  the  bands  the  slip  is  posi¬ 
tive.  The  effect  of  negative  slip  on  failure  progression  at  the  Vickers  inden¬ 
tation  is  clearly  evident  in  the  series  of  micrographs  shown  in  Figure  11  taken 
from  bearing  BD-029.  During  the  early  stages,  the  trailing  edges  of  the  dent 
are  curved  in.  Once  the  material  around  the  dent  grows  sufficiently  weak  due  to 
fatigue  or  the  presence  of  cracks,  it  deforms  in  the  direction  of  sliding  (into 
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3932  182.7  m.r.  1500X 

BA-025 


3999  224.7  m.r.  10X 

BA-025 


FIGURE  9.  APPEARANCE  OF  SPALL  INITIATION  SITE  AND  SPALL  ON 
BEARING  NO.  BA-025 


60 


NAEC-92-153 


BALL  PATH 


FIGURE  10. 


SKETCH  OF  INNER  RING  BALL  GROOVE  SHOWING  THE  LOCATION 
OF  PURE  ROLLING  (HEATHCOTE)  AND  SLIDING  REGIONS. 
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the  dent).  Further  testing  leads  to  spalling.  In  the  case  of  bearing  BD-029, 
gross  deformation  of  the  material  at  the  trailing  end  of  the  dent  was  observed 
at  75  m.r.  The  bearing  failed  at  207  m.r.  The  second  dent  on  the  same  bearing 
had  suffered  apparently  the  same  level  of  damage  at  75  m.r.  but  was  not  spalled 
at  207  m.r.,  Figure  12. 

(8)  Bearing  kinematics  and  the  way  the  stress  wave  travels  over  a 
point  also  affects  the  appearance  of  the  material  at  the  leading  and  the  lagging 
ends,  Figure  13.  The  leading  end  material  contains  a  few  large  cracks  curved  in 
the  direction  of  rolling,  Figure  13A.  The  appearance  of  the  surface  is  smooth 
as  in  a  glazed  region.  The  lagging  end  of  the  spall  contains  a  multitude  of 
fine  cracks  curved  opposite  to  the  direction  of  rolling,  Figure  13B. 

c .  Ball  Bearing  Wear  Particle  Analysis 

(1)  Wear  debris  analysis  was  performed  on  respective  ball  bearing 
bench  test  lubricant  samples  by  SKF  Industries,  Foxboro  Analytical,  and  Naval 
Air  Engineering  Center  (NAVAIRENGCEN) .  As  previously  described,  lubricant  sam¬ 
ples  were  withdrawn  periodically  from  the  ball  bearing  test  apparatus.  These 
lubricant  samples  served  as  the  host  media  for  fluid-borne  debris  analysis. 

Table  8  summarizes  the  sample  number  and  respective  operating  times  for  each 
ball  bearing  series. 

(2)  Analysis  has  verified  that  component  life  normally  can  be  clas¬ 
sified  into  three  distinct  phases:  wear- in/break- in ,  normal  wear,  and  wear- 
out/abnormal  wear.  It  is  not  true,  however,  that  all  components  transition 
through  all  three  phases.  A  detailed  discussion  of  this  wear  process  is  pre¬ 
sented  in  Section  VI. 

(3)  Each  ball  bearing  wear  life  phase  will  be  evaluated  with  respect 
to  wear  debris  characteristics  that  present  themselves  during  the  respective 
phase.  Particle  characteristics  such  as  quantity,  size  distribution,  composi¬ 
tion,  and  morphology  will  be  correlated  to  surface  wear  cond i t ion/ 1 ife  during 
the  ball  bearing  bench  test  sequence. 
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FIGURE  13.  APPEARANCE  OF  THE  LEADING  AND  LAGGING  EDGES  OF 
A  SPALL  ON  BEARING  NO.  BA-025  AFTER  224.7  M.R. 


NAEC-92-153 


(a)  Particle  Quantity 

_1.  The  quantity  of  wear  debris  contained  in  lubricant  sam¬ 
ples  taken  during  ball  bearing  testing  was  primarily  monitored  utilizing  ferro- 
graphic  analysis  techniques.  Particle  counting  technique  results  were  dis¬ 
counted  as  a  result  of  the  presence  of  nonmagnetic  lubricant  pump  debris  found 
in  the  respective  oil  samples.  Ferrographic  magnetic  precipitation  techniques 
served  to  minimize  the  complicating  effects  of  this  nonmagnetic  debris.  Spec- 
trometric  analysis  concentration  readings  were  also  discounted  with  respect  to 
particle  quantity  monitoring  as  a  result  of  their  inherent  size  sensitivity 
limitation.  This  limitation  is  discussed  in  detail  in  Section  VI. 

2.  Lubricant-borne  particle  quantity/concentration  levels 
basically  followed  a  bathtub  curve  plot  over  the  wear  life  of  the  ball  bearings. 
Figure  14  represent  plots  for  two  of  the  ball  bearings  sequences,  BQ  and  BX. 
Figures  15  and  16  represent  series  of  ferrography  entry  deposit  micrographs  of 
these  sequences,  which  can  be  directly  related  to  sample  debris  concentration 
levels.  These  micrographs  provide  graphic  evidence  of  the  bathtub  plot. 

3.  Each  sequence  can  be  divided  into  three  wear  regimes: 
wear-in,  normal  wear,  and  wear-out/ abnormal  wear,  as  shown  in  Figure  17.  Ini¬ 
tial  wear-in  of  the  ball  bearings  results  in  a  high  wear  rate,  thus  a  high  level 
of  debris  concentration.  The  second  regime,  normal  wear,  results  in  a  much 
lower  wear  rate  thus  a  much  lower  level  of  debris  concentration.  Abnormal  wear, 
the  final  regime,  results  in  an  accelerated  wear  rate  and  thus  an  ever  increas¬ 
ing  level  of  debris.  This  increase  was  typical  of  all  ball  bearing  test  fail¬ 
ures  . 

4.  It  is  to  be  noted  that  these  lubricant  systems  were  not 
equipped  with  a  filter.  As  a  consequence,  decreases  in  debris  concentration 
must  have  resulted  from  a  combination  of  natural  filtration  (that  is,  plating 
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FIGURE  14 

BALL  BEARING  TEST  SEQUENCES  BQ  AND  BX 
FERROGRAPH  DENSITY  DATA 
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FIGURE  15 

BALL  BEARING  TEST  SEQUENCE  BQ 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  1  of  4) 
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FIGURE  15 

BALL  BEARING  TEST  SEQUENCE  BQ 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  2  of  4) 
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FIGURE  15 

BALL  BEARING  TEST  SEQUENCE  BQ 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  3  of  4) 
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FIGURE  15 

BALL  BEARING  TEST  SEQUENCE  BQ 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  4  of  4) 
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FIGURE  16 

.LL  BEARING  TEST  SEQUENCE  BX 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  1  of  4) 
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E. 


212  tn.r. 


F.  256  m.r. 

FIGURE  16 

BALL  BEARING  TEST  SEQUENCE  BX 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  3  of  4) 
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FIGURE  16 

BALL  BEARING  TEST  SEQUENCE  BX 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  4  of  4) 
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DEBRIS  CONCENTRATION  VERSUS  WEAR  LIFE 
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out,  settling  effects,  etc.)  and  a  particle  grinding  process  which  causes  par¬ 
ticle  breakup.  This  grinding  process  will  eventually  reduce  debris  size  to  a 
level  below  the  monitoring  technique  sensitivity  level.  Grinding  effects  are 
further  discussed  in  Section  VI. 

!>.  Figure  18  represents  a  debris  deposit  plot  for  ball 
bearing  test  sequence  BA.  Figure  19  presents  the  respective  series  of  ferro- 
graphy  entry  deposit  micrographs  from  this  sequence.  This  bearing  was  one  of 
the  four  ball  bearing  test  sequences  that  were  periodically  interrupted  for  wear 
surface  analysis.  As  can  be  seen  from  this  plot,  a  "bathtub"  trend  is  not  ap¬ 
parent.  It  is  concluded  that  the  periodic  disassembly/reassembly  of  the  bearing 
resulted  in  reoccurrences  of  a  wear-in  process  and  thus  an  erratic  plot  of  sam¬ 
ple  debris  concentration.  This  effect  is  detailed  in  Section  VI.  As  a  result 
of  this  wear-in  reoccurrence  in  the  inspected  ball  bearing  sequences,  debris 
analysis  results  from  these  series  are  suspect. 

6.  Tables  12  and  13  represent  spectrometric  readings  from 
sequences  BA  and  BX.  As  can  be  seen  from  the  iron  (Fe)  concentration  readings 
there  is  little  indication  of  wear  debris  concentration  variation.  These  re¬ 
sults  are  typical  of  spectrometric  analysis  of  ball  bearing  sequence  oil  sam¬ 
ples.  A  detailed  discussion  of  this  effect  is  presented  in  Section  VI. 

1_.  Table  14  represents  particle  counting  data  from  bearings 
BQ,  BX,  and  BA.  As  can  be  seen,  this  data  is  erratic  and  does  not  follow  the 
wear  debris  trends  as  indicated  by  the  ferrographic  analysis.  These  variations 
are  typical  of  the  ball  bearing  test  sequences  and  are  concluded  to  be  a  result 
of  oil  pump  wear.  It  appears  that  the  utilized  test  oil  pump  resulted  in  the 
generation  of  wear  debris  consisting  of  epoxy  and  titanium.  The  presence  of 
this  debris  has  been  verified  optically  and  in  some  cases  picked  by  spectro¬ 
metric  analysis  as  indicated  in  Table  12.  Particle  count  data  from  bear-  ing  BA 
was  further  complicated  by  the  reoccurrence  of  the  wear-in  process  as  previously 
discussed . 
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FIGURE  19 

BALL  BEARING  TEST  SEQUENCE  BA 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  1  of  5) 
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FIGURF  19 

BALL  BEARING  TEST  SEQUENCE  BA 
ENTRY  DEPOSIT 
LOW  MAGN I p  T.C  '  T/ON 
(She"!  3  of  f . A 
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FIGURE  19 

BALL  BEARING  TEST  SEQUENCE  BA 
ENTRY  DEPOSIT 
LOW  ,  UNIFICATION 


(Sheet  A  of  6 ) 
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FIGURE  19 

BALL  BEARING  TEST  SEQUENCE  BA 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  5  of  6) 
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FIGURE  19 

BALL  BEARING  TEST  SEQUENCE  BA 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  6  of  6) 
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TABLE  12.  SPECTROMETRIC  RFADING,  BEARING  BA-025 


EVENT 

TIME 

(MIL  REVS) 

PERCENT 

TIME 

FE 

(IRON) 

SI 

(SILICON) 

SN 

(TIN) 

TI 

(TITANIUM) 

MO 

(MOLYBDENUM) 

1 

15.7 

6 

2 

2 

12 

2 

1 

2 

22.1 

9 

2 

2 

11 

2 

1 

3 

72.0 

32 

2 

2 

10 

3 

1 

4 

86.7 

38 

2 

2 

12 

3 

1 

5 

100.0 

44 

2 

2 

14 

17 

1 

6 

123.3 

54 

2 

2 

13 

19 

3 

7 

137.9 

61 

2 

2 

13 

16 

2 

8 

182.7 

81 

3 

2 

12 

17 

3 

9 

209.5 

93 

3 

2 

13 

15 

2 

10 

222.9 

99 

3 

2 

14 

15 

3 

11C 

224.7 

100 

2 

26 

14 

6 

3 

TABLE  13. 

SPECTROMETRIC  READING 

,  BEARING  BX-020 

TIME 

PERCENT 

FE 

SI 

SN 

TI 

MO 

EVENT 

(MIL  REVS) 

TIME 

(IRON) 

(SILICON) 

(TIN) 

(TITANIUM) 

(MOLYBDENUM) 

1 

27.0 

10 

1 

0 

4 

3 

1 

2 

52.0 

19 

1 

0 

5 

2 

2 

3 

91.0 

34 

1 

0 

6 

2 

1 

4 

109.0 

40 

1 

0 

5 

2 

1 

5 

158.0 

59 

1 

0 

4 

2 

0 

6 

185.0 

69 

1 

5 

6 

2 

1 

7 

212.0 

79 

1 

6 

7 

2 

2 

8 

256.0 

95 

0 

5 

5 

1 

0 

9 

267.0 

100 

1 

2 

5 

1 

2 
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8.  Although  these  particle  counts  are  suspect,  it  can  be 
noted  that  wear  debris  concentration  levels  tor  these  ball  bearing  test  sequen¬ 
ces  are  of  the  magnitude  of  10^  per  100  ml  oil  ( >  2 /um) ,  in  a  two-gallon  lubri¬ 
cation  system. 


(b)  Particle  Size  Distribution 

1.  The  size  distribution  oi  wear  debris  contained  in  lubri¬ 
cant  samples  taken  during  ball  bearing  testing,  as  with  particle  quantity,  was 
primarily  monitored  by  ferrograhic  analysis  techniques.  As  discussed  previous¬ 
ly,  implemented  particle  counting  technique  results  were  suspect. 

2.  Figures  20  and  21  present  plots  of  ferrographic  density 
readings  at  two  different  locations  on  the  forrcgram  for  ball  bearings  BQ  and  BX 
test  sequences.  These  locations  represent  different  size  ranges  of  debris  as 
discussed  in  Section  VI.  The  entry  deposit  plot  represents  debris  of  a  rela¬ 
tively  large  size  ( >  5yt*-m)  ,  while  the  50  mm  deposit  plot  represents  debris  of  a 
relatively  small  size  (2-5yum).  By  comparing  the  relationship  of  these  curves 
over  the  bearing  life,  one  can  assess  the  trends  in  debris  size  distribution. 

3.  As  can  be  seen  from  these  plots,  a  relatively  high  ratio 
of  large-to-smal 1  debris  particles  is  present  during  both  the  wear-in  and  abnor¬ 
mal  wear  regime  as  compared  to  the  normal  wear  regime.  This  indicates  that  a 
significant  portion  of  the  debris  generated  during  wear-in  and  abnormal  wear  is 
greater  than  5 ^-m  in  major  dimension.  Figures  22  and  23  represent  high  magni¬ 
fication  micrographs  of  debris  deposits  for  sequences  BQ  and  BX.  These  micro¬ 
graphs  verify  that  the  increase  in  debris  concentration  during  wear-in  and  ab¬ 
normal  wear  can  mainly  be  attributed  to  the  generation  of  large  debris. 

A.  It  can  also  be  noted  that  the  ratio  of  large-to-smal 1 
particles  for  the  abnormal  wear  regime  is  significantly  higher  than  that  ex¬ 
hibited  by  the  wear-in  regime. 
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FIGURE  20 

BALL  BEARING  TEST  SEQUENCE  BQ 
FERROGRAPH  DENSITY  DATA 


K>  ]  m .  r . 


FIGURE  22 

BALL  BEARING  TEST  SEQUENCE  BQ 
ENTRY  DEPOSIT 
HIGH  MAGNIFICATION 
(Shi'<-t  ?  o  I  4) 
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FIGURE  J2 

RALE  BEARING  TEST  SKOl'ENGE  RO 
ENTRY  DEi'OSl  i 
HIGH  MAGNH'H  \Y!  !■  ‘ 

(  Sll.'i- 1  i  .  m  •  ' 
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FIGURE  22 

BALL  BEARING  TEST  SEQUENCE  BQ 
ENTRY  DEPOSIT 
HIGH  MAGNIFICATION 
(Sheet  4  of  4) 


B. 


52  m.r. 


FIGURE  23 

BALL  BEARING  TEST  SEQUENCE  BX 
ENTRY  DEPOSIT 
HIGH  MAGNIFICATION 
(Sheet  )  of  4) 


D. 


I 5  8  m .  r  . 


FIGURE 

BALL  BEARING  TES I  SEQUENCE  BX 
ENTRY  DEKiNil 
HIGH  MAGN I F :  'ION 
(Shift  'i 


F. 


256  m.r 


FIGURE  23 

BALL  BEARING  TEST  SEQUENCE  BX 
ENTRY  DEPOSIT 
HIGH  MAGNIFICATION 
(Sheet  3  of  4) 
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FIGURE  23 

BALL  BEARING  TEST  SEQUENCE  BX 
ENTRY  DEPOSIT 
HIGH  MAGNIFICATION 
(Sheet  4  of  4) 
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5.  Figure  24  represents  dual  density  plots  for  sequence  BA. 
Figure  23  provides  high  aagnificstion  micrographs  of  the  respective  sequence 
ferrographic  deposits.  Although  this  sequence  is  distorted  due  to  the  reoccur¬ 
rence  of  a  wear-in  phenomena,  the  shift  in  size  distribution  observed  in  se¬ 
quences  BQ  and  BX  is  still  valid  (that  is,  wear-in  and  abnormal  wear  result  in 
the  generation  of  large  debris). 

6.  The  above  distribution  observations  were  valid  for  all 
the  ball  bearing  test  sequences.  Figure  26  represents  a  simplistic  presentation 
of  this  shift  in  particle  size  distribution. 

(c)  Particle  Composition 

_1.  Ball  bearing  testing  was  designed  in  such  a  way  as  to 
have  each  test  component  operating  in  an  independent  lubrication  system.  This 
design  was  implemented  in  order  to  limit  lubricant  borne  debris  to  that  being 
produced  by  the  component  and  thus  simplify  the  wear  debris  analysis  process. 

As  a  result  debris  composition  should  not  play  an  important  role  in  this  cor¬ 
relation  effort  since  all  debris  should  be  the  same  material  as  the  parent  com- 
ponent . 

2.  However,  during  the  early  part  of  the  endurance  test 
phase,  some  of  the  oil  samples  gathered  from  some  of  the  endurance  tests  were 
found  to  be  unduly  dark  in  color.  To  determine  the  source  of  the  dark  color¬ 
ation,  a  sample  of  the  dark  oil  from  bearing  BR-002  was  taken  at  146  m.r.  This 
was  filtered  through  a  0.45/un  Millipore  filter  which  made  the  oil  sample  clear 
again.  SEM  examination  could  detect  only  steel  particles.  An  X-ray  diffraction 
pattern  made  on  the  filtered  residue  showed  martensite  peaks  only.  A  sample  of 
oil  was  then  subjected  to  ferrographic  and  spectrometric  analysis.  The  results 
of  these  analyses  are  shown  in  Table  15.  A  value  of  percent  area  covered  of 
31.22  at  the  54  mm  location  is  significantly  higher  than  the  approximately  8% 
values  measured  during  the  test  sequence.  The  change-over  from  inverted  poly¬ 
ethylene  bottles  to  conical  steel  tanks  for  the  endurance  test  oil  systems, 
therefore,  proved  to  be  effective  in  keeping  the  wear  particles  in  circulation. 
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FIGURE  24 

BALL  BEARING  TEST  SEQUENCE  BA 
FERROGRAPH  DENSITY  DATA 
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D. 


86.7  m. 


FIGURE  25 

BALL  BEARING  TEST  SEQUENCE  BA 
ENTRY  DEPOSIT 
HIGH  MAGNIFICATION 
(Sheet  2  of  6) 
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F.  123.3  m.r. 

FIGURE  25 

BALL  BEARING  TEST  SEQUENCE  BA 
F  ’TRY  DEPOSIT 
’  JH  MAGNIFICATION 
(Sheet  3  of  6) 
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H. 


182.8  in.  r. 


FIGURE  25 

BALL  BEARING  TEST  SEQUENCE  BA 
ENTRY  DEPOSIT 
HIGH  MAGNIFICATION 
(Sher  .  4  of  6) 
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FIGURE  25 

BALL  BEARING  TEST  SEQUENCE  BA 
ENTRY  DEPOSIT 
HIGH  MAGNIFICATION 
(Sheet  5  of  6) 
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224.7  m.r. 


FIGURE  25 

BALL  BEARING  TEST  SEQUENCE  BA 
ENTRY  DEPOSIT 
HIGH  MAGNIFICATION 
(Sheet  6  of  6) 


105 


NAEC-92-153 


TABLE  15.  FERROGRAM  ANALYSIS  REPORT 


hrroirn  Mo. s  IW  Data:  9/16/74 

Organization  SKF  Industries.  Inc. _  Sanpla  No.:  _ 3 _ 

■quip.  Type:  irg.  Teat  Rig  Sarlal  Mo.:  8rg.  Bit "002  Oparating  Tine:  146  n.  rev. 

Sanpla  Data:  _  Oil  Type:  _ HD  916  Tine  on  Oil:  _ 

Kaplenlehnent  Data:  _ 

Volune  of  Sample  passed  along  Ferrogran  7.0  cc  Entry  54  rare 
Ferrogran  Reading  (1  area  covered)  42.5  31 .2 

Volume  of  Entry  13.7  x  10^ _ um'*  Helghtof  Entry  Deposit  9.0 _ utn 


Types  of  Particle* 

L —I - 

None 

Fev  1  Moderate 

_ L 

- 1 

Heavy  j 

|  Normal  Rubbing  Wear 

i  1 

{ 

Fatigue  Chunks  (Typical  gear  surface  fatigue) 

X 

1 

i 

- j 

Spheres  (fatigue  cracks  in  rolling  bearings) 

X 

Laminar  Particles  (gears  or  rolling  beavrngs) 

D 

Severe  Wear  Particles 

n 

X 

Cutting  Hear  Particles  (high  unit  pressure) 

a 

Corrosive  Hear  Particles 

D 

_ 

Ozld  ;a  Particles  (Includes  rust) 

a 

Dark  Metsllo-oxide  Particles  (typical  hard  steels) 

n 

Non-ferrous  Metallic 

a 

Non-netallic,  Crystalline 

X 

Non-metalllc ,  Amorphous  (l.e.  friction  polymer) 

n 

Considered  Judgement  of  Hear  Situation 


Very  low 

3 

Norma) 

n 

Caution 

Very  High  (Red  Alert) 

t 

Emission  Spectrometer 

Test  #1  PPM 

Test  92 

A1 

Fe 

Cr 

*8 

Cu 

- ! 

Sn  1 

Mg 

Ti 

N1 

SI 

3 

11 

0 

: V 

1 

11  1 

0 

15 

3 

2 

It 

9 

0 

3 

1 

13 

1 

15 

3 

2 

Consents:  Ferrogran  contains  nostly  nibbing  wear.  However,  the  wear  rate  is  higher  than 

previous  samples.  Ferrogran  contains  severe  wear  sons  of  which  ezhibits  vellow/brown  color 
(unchanged  by  heating  to  625°  for  90  sec.)  and  are  magnetic.  colored  non-nagnetic 

severe  wear  particles  are  also  present.  There  arc  some  nonocrystalline  part icles  vhich _ 

appear  to  be  similar  to  the  hematite  produced  by  fretting.  " 


50  wen  10  mm 
25.6  B.3 


107 


NAEC-92-153 

Spec  t  route  trie  analysis,  Table  15,  showed  Che  presence  of  15  ppm  titanium  com¬ 
pared  to  11  ppm  of  iron  in  the  same  oil  sample.  SEM  examination  of  the  entry 
deposit  on  the  ferrogram  revealed  the  presence  of  the  titanium  particles  shown 
in  Figure  27.  Results  of  spectrometric  analysis  of  a  number  of  oil  samples 
taken  during  the  course  of  the  endurance  testing  are  given  in  Table  16  show  a 
strong  correlation  between  titanium  content  and  the  darkness  of  the  sample. 

3.  A  complete  re-examination  of  the  oil  wetted  components 
in  the  closed  lubrication  loop  revealed  that  the  center  pin  and  the  bushings 
used  to  support  the  plastic-coated  magnetic  pump  impeller  are  made  of  corrosion- 
resistant  titanium.  This  was  known  to  be  the  case  during  initial  system  design. 
Due  to  the  light  load  these  components  were  subjected  to,  the  possibility  of 
their  wearing  was  discarded.  However,  during  the  re-examination  the  bushings 
were  noted  to  be  inadequately  seated  in  their  pockets.  Their  sliding  against 
the  plastic  impeller  surface  in  the  presence  of  wear  debris  from  the  bearing, 
leads  to  wear  of  the  bushing  surfaces.  The  magnetic  impeller  is  coated  with  a 
black  epoxy.  The  surfaces  of  the  impeller  and  the  two  titanium  bushings  were 
worn  in  systems  from  which  dark  oil  samples  were  obtained.  It  is  therefore 
clear  that  under  certain  conditions  in  the  pump,  wear  of  the  titanium  bushings 
and  black  epoxy  coating  on  the  impeller  occurs  simultaneously.  Hence,  the  cor¬ 
relation  between  high  titanium  level  and  the  darkness  of  the  oil.  The  center 
pin  did  not  suffer  much  wear. 


4.  To  eliminate  titanium  from  the  system  the  titanium  bush¬ 
ings  were  replaced  by  teflon  bushings  of  the  same  thickness.  These,  however, 
could  not  withstand  the  operating  conditions  in  the  pump  and  wore  away  very 
rapidly.  The  wear  chips  produced  would  enter  the  lubrication  loop  and  block  one 
of  the  orifices  in  the  loop.  This  slowed  down  the  oil  flow  causing  the  bearings 
to  run  hotter  than  normal.  Due  to  the  computer  temperature  monitoring  system, 
the  test  was  aborted  in  such  an  event  to  prevent  damage  to  the  bearings.  The 
use  of  titanium  bushings  was  therefore  resumed. 


3541  100X 

A.  THREE  Ti  PARTICLES  DETECTED 
(MARKED  "1",  "2",  AND  "3") 


3542  lOOOX 

B.  APPEARANCE  OF  A  SINGLE  PARTICLE 

(#1) 


3542 

C.  ENERGY  DISPERSIVE  SPECTRA  FROM  PARTICLE 
IN  B. 


FIGURE  27 

TITANIUM  PARTICLES  DETECTED  IN  THE  ENTRY  DEPOSIT  OF  A 
FERROGRAM  MADE  FROM  AN  OIL  SAMPLE  FROM 
BEARING  TEST  NO.  BR-002  TAKEN  AT  146  m.r. 
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2-  Attempts  were  made  to  minimize  wear  of  the  titanium 
bushings.  Firstly,  care  was  taken  to  see  that  they  were  properly  seated  in 
their  pocket.  Secondly,  the  pumps  were  aligned  more  critically  so  that  there 
was  no  bending  moment  on  the  spout  at  which  oil  enters  the  pump  from  the  tank. 
These  measures  did  considerably  reduce  the  wear  on  the  titanium.  Most  of  the 
subsequent  oil  samples  were  clear. 

6.  This  sample  pump  contamination  problem  serves  to  com¬ 
promise  particle  counting  analysis  during  the  test  sequences.  However,  Ferro- 
graphic  analysis  was  only  minimally  effected  by  this  contamination  as  a  result 
of  its  magnetic  precipitation  operating  principle. 

(d)  Particle  Morphology 

Ju  The  last  factor  to  be  considered  under  ball  bearing  wear 
particle  analysis  is  particle  morphology  or  shape.  This  factor  is  probably  the 
most  unique  of  the  four  debris  characteristics  presented  in  this  discussion. 

2.  Ball  bearing  wear-in  resulted  in  the  generation  of  both 
free  metal  particles  and  oxides.  Free  metal  particles  consisted  primarily  of 
rubbing  wear  and  wear-in  particles,  the  most  significant  of  these  being  the 
wear-in  particles.  These  particles  result  from  the  finished  bearing  surface. 
Typically,  during  the  wear-in  period,  ridges  on  the  virgin  wear  surface  are 
flattened  and.  form  cornice  along  the  ridge  peaks.  These  cornices  subsequently 
break  away  in  the  form  of  elongated,  flat  particles.  Wear-in  ball  bearing  par¬ 
ticles  exhibited  a  length  to  width  ratio  of  3:1  and  a  major  dimension  to  thick¬ 
ness  ratio  of  4:1.  These  particles  can  range  in  size  up  to  50 in  major  di¬ 
mension.  Figure  28  presents  micrographs  of  the  first  sample  from  ball  bearing 
sequence  BZ.  A  wear-in  particle  is  highlighted  in  these  micrographs.  Wear-in 
particles  can  also  be  noted  in  initial  micrographs  of  sequences  BQ,  BX,  and  BA 
presented  in  Figures  22,  23,  and  25  respectively. 

3.  Oxide  particles  generated  during  ball  bearing  wear-in 
are  generally  black  oxide,  FejO^  These  oxide  particles  are  normally  equiaxial 
and  can  range  up  to  30</Mn  in  major  dimensions. 
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4.  Ball  bearing  normal  wear  particles  are  dominated  by  free 
metal  platelets.  These  platelets  consist  of  both  rubbing  wear  and  laminar  par¬ 
ticles.  Rubbing  wear  particles  exhibit  a  length  to  width  ratio  of  3:1  and  a 
major  dimension  to  thickness  ratio  of  approximately  10:1.  Normal  wear  particles 
can  range  in  size  up  to  15yu.m,  however,  the  majority  are  less  than  2^un  in  major 
dimension.  Figure  29  presents  a  series  of  micrographs  depicting  typical  normal 
wear  debris. 


_3’  Laminar  particles  are  the  second  type  of  normal  ball 
bearing  wear  debris  types.  This  type  is  greatly  outnumbered  by  the  normal  rub¬ 
bing  wear  particles.  It  exhibits  a  length  to  width  ratio  of  1:1  and  a  major 
dimension  to  thickness  ratio  of  approximately  20:1.  Laminar  particles  range  in 
size  from  10-30^<m  in  major  dimension  and  average  l^un  in  thickness.  It  is 
hypothesized  that  laminar  particles  are  formed  by  the  passage  of  a  wear  particle 
through  a  rolling  contact  zone.  Frequent  occurrence  of  holes  in  these  particles 
serves  to  support  this  hypothesis. 

6.  The  predominent  abnormal  wear  mode  occurring  during  ball 
bearing  testing  was  surface  fatigue.  Three  distinct  particles  have  been  associ¬ 
ated  with  rolling  contact  fatigue:  laminar  particles,  spherical  particles,  and 
fatigue  spall  particles.  Laminar  particles  have  been  briefly  discussed  above. 
During  rolling  fatigue  large  laminar  particles  are  produced.  Characteristically 
they  range  in  size  between  20-50/un  in  major  dimension.  Laminar  particles  can 
be  present  throughout  the  life  of  a  bearing  but  increase  in  both  size  and  quan¬ 
tity  at  the  onset  of  fatigue  spalling.  Figure  30  represents  micrographs  of 
typical  laminar  particles. 

T_.  Spherical  particles  represent  the  most  contraversial 
particle  associated  with  rolling  contact  fatigue.  These  spheres  as  the  name 
implies,  are  free  metal  spherical  particles.  The  spheres  are  usually  less  than 
2^<m  in  diameter  but  may  reach  a  diameter  of  up  to  10yu.m.  The  exact  mechanism 
of  production  of  these  particles  has  not  been  totally  agreed  upon,  however,  it 
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FIGURE  29 

TYPICAL  NORMAL  RUBBING  WEAR  PARTICLES 
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FIGURE  30 

BALL  BEARING  ROLLING  CONTACT  FATIGUE 
LAMINAR  PARTICLES 
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has  been  hypothesized  that  they  are  formed  in  bearing  surface  fatigue  cracks. 
Figure  31  represents  micrographs  of  typical  spherical  particles.  It  has  been 
noted  from  field  equipment  monitoring  that  fatiguing  bearings  have  been  esti¬ 
mated  to  generate  several  million  spheres  in  the  course  of  a  failure.  Fatigue 
failures  occurring  under  this  program  did  not  produce  spherical  particles  in  any 
significant  quantities.  This  reason  for  these  limited  quantities  is  thought  to 
result  from  the  accelerated  nature  of  the  ball  bearing  test  sequences. 

8.  Fatigue  spall  particles  are  irregularly  shaped  particles 
resulting  from  actual  material  removal  as  a  pit  or  spall  occurs.  These  parti¬ 
cles  exhibit  smooth  surfaces  and  can  range  in  size  up  to  \50yUta  in  major  dimen¬ 
sion.  The  majority  of  these  particles,  however,  fall  within  the  15-25^.m  size 
range.  Figure  32  represents  micrographs  of  typical  fatigue  spall  particles. 

9.  The  particle  morphology  summary  presented  above  is  ty¬ 
pical  for  the  ball  bearing  sequences  conducted  under  this  program. 

10.  Figure  33  represents  debris  from  ball  bearing  sequence 
BC.  This  debris  is  somewhat  unique  under  this  test  program  in  that  some  of 
these  particles  are  polymeric  in  nature.  Several  of  these  particles  that  appear 
metallic,  upon  closer  examination,  can  be  associated  with  an  unknown  quantity  of 
friction  (wear)  polymer.  The  exact  nature  of  this  occurrence  is  unknown;  how¬ 
ever,  this  polymer  was  detected  in  several  bearing  sequences. 

3.  ROLLER  BEARING  BENCH  TESTING.  Roller  bearing  bench  testing  (as  was  ball 
bearing)  was  performed  by  SKF  Industries,  Inc.  Bearing  tests  were  again  divided 
between  uninterrupted  and  interrupted  sequences.  Details  of  this  test  sequence 
are  very  similar  to  those  described  under  ball  bearing  testing;  however,  for  the 
sake  of  continuity  they  will  again  be  described  in  the  following  paragraphs. 
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a.  Roller  Bearing  Teat  Procedure 

(1)  The  test  program  consisted  of  endurance  and  bench  testing  of 
tapered  roller  bearings  in  a  closed-loop  lubrication  system.  The  tapered-roller 
bearings  were  made  of  carburizing  grade,  AISI  4118  steel  and  were  tested  under 
combined  radial  and  thrust  loads.  Component  steel  was  carbon  vacuum  deoxidized 
(CVD)  bearing  quality  steel.  A  schematic  drawing  of  the  type  of  test  bearing  is 
shown  in  Figure  34. 

(2)  The  bearing  tests  were  conducted  on  standard  SKF  type  R-2  ma¬ 
chines.  A  line  diagram  of  the  standard  machine  setup  is  shown  in  Figure  2.  In 
the  present  series  of  tests  the  existing  lubrication  system  on  the  siachine  was 
disconnected  and  a  separate  closed-loop  lubrication  system,  shown  schematically 
in  Figure  3  was  installed  for  each  test  bearing.  The  oil  was  recirculated  by  a 
magnetically  coupled  centrifugal  pump.  An  assembly  drawing  of  the  pumping  cham¬ 
ber  of  the  pump  is  shown  in  Figure  4.  Teflon  tubing  was  used  in  these  isolated 
lubrication  systems  to  prevent  complication  in  Ferrogram  Analysis  due  to  chem¬ 
ical  interactions  between  the  tubing  and  the  ester  base  MIL-L-23699  oil. 

(3)  The  test  parameters  for  the  roller  bearing  tests  are  listed  in 
Table  17.  Under  the  test  conditions  used,  the  theoretical  L^q  life  (life  by 
which  10Z  of  the  bearings  are  expected  to  fail)  for  the  roller  bearing  type  is 
10  million  revolutions  (m.r.)  (Appendix  A).  The  theoretical  Ljq  life  is  com¬ 
puted  for  a  Weibull  slope  f ^  and  is  3  times  the  L^g  life  as  shown  in  the  table. 
The  number  of  stress  cycles  on  the  inner  ring  (f^>  for  one  revolution  of  the 
inner  ring  is  given  by: 

fi*0.5Z(l  +  Dw/dm  cosoO, 

where 

Roller  Bearing 


Z  ■  Mo.  of  rolling  elements  23 

Dw  *  diameter  of  rolling  elements  (mm)  7.5 

dm  *  pitch  diameter  (mm)  58 

■  contact  angle  (degrees)  11.5 

fi  *  No.  of  stress  cycles/rev.  of  inner  ring  13 
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TABLE  17.  ROLLING  BEARING  TEST  PARAMETERS 

LM102949/LM102910 
Tape red-Ro Her  Bra. 


1.  Bore  diasttter  (D,  am)  45.2 

2.  Speed  (N,  rpm)  2,900 

3.  DN  x  10_®  0.13 

4.  Lube  MIL-L-23699 

5.  Lube  viscoaity  at  38/100°C  (c»)  25/5.1 

6.  Radial  load  (kN)  19 

7.  Axial  load  (kN)  5.7 

8.  Bearing  capacity  (kN)  46 

9.  Theoretical  L^q  Life: 

10®  inner  ring  revolutions  10 

10®  stress  cycles  130 

10.  Theoretical  L50  Life: 

10®  inner  ring  revolutions  50 

10®  stress  cycles  650 

11.  Operating  temperature  (C)  65 

12.  Lube  film  parameter  1.1 
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(4)  A  computer  monitoring  system  was  set  to  abort  a  test  when  the 
bearing  operating  temperature  rises  above  125°C.  A  Robertshaw  vibraswitch  was 
also  set  to  terminate  the  test  when  bearing  spalling  failure  occurred,  by  re¬ 
acting  to  an  increase  in  vibration  level  of  the  test  head. 

(5)  In  order  to  accelerate  bearing  failure,  the  inner  ring  surfaces 
of  the  test  bearings  were  initially  dented  with  a  Vickers  pyramidal  indenter 
using  a  10  kg  load.  The  indentor  has  an  apex  angle  of  136°  giving  a  diagonal- 
to-depth  ratio  of  approximately  4.3.  On  a  bearing  surface  having  a  hardness  of 
Rc60,  the  length  of  the  diagonal  of  the  dent  is  approximately  160yM.ni. 

(6)  A  total  of  15  roller  bearings  were  tested.  Ten  bearings  were 
subjected  to  endurance  testing  and  five  were  subjected  to  interrupted  test  se¬ 
quences.  Respective  designations  for  these  bearings  are  given  in  Table  18.  As 
with  the  ball  bearings,  two  designation  systems,  SKF  and  Navy,  were  utilized 
under  the  test  program.  These  designations  will  be  used  interchangeably  through¬ 
out  this  report. 

(7)  Three  R-2  machines  each  having  two  test  heads  were  set  up  to 
test  the  bearings.  Endurance  testing  of  ten  bearings  of  each  type  was  first 
completed  in  order  to  establish  the  time  intervals  at  which  the  remaining  tests 
should  be  interrupted  for  visual  and  scanning  electron  microscopic  examination 

I  of  the  surface  of  the  inner  ring.  The  following  approximate  schedule  of  obser¬ 

vations  was  chosen  based  on  the  endurance  test  results: 

tapered  roller  bearings:  5,  25,  50,  and  100  x  10&  revs. 

(8)  All  roller  bearing  tests  were  conducted  utilizing  ester  base 
MIL-L-23699  lubricant.  This  lubricant  was  provided  to  SKF  by  the  Navy. 

(9)  In  order  to  minimize  liquid  borne  debris  and  thus  simplify  the 
debris  analysis  process,  the  as-received  oil  was  filtered  through  a  3  /m  Milli- 
pore  filter  before  being  used  for  the  tests.  About  two  gallons  of  oil  was  used 


126 


TABLE  18.  ROLLER  BEARING  OIL  SAMPLES 


to  fill  each  tank  at  the  start  of  the  test.  The  amount  was  not  allowed  to  de¬ 
crease  below  1.5  gallons.  This  was  achieved  by  adding  new  oil  to  each  tank  at 
recorded  intervals. 


(10)  Oil  samples  were  collected  three  times  a  week  from  all  the 
tests.  The  samples  were  withdrawn  by  a  0.25  in.  glass  tube  fitted  with  a  suc¬ 
tion  bulb.  A  separate  sampler  was  maintained  for  each  tank.  To  inhibit  chem¬ 
istry  changes  in  the  lubricant,  the  samples  were  kept  cold  until  they  were  sub¬ 
jected  to  analysis.  The  time  table  for  oil  sample  withdrawal  for  roller  bear¬ 
ings  is  given  in  Table  18.  The  times  at  which  interrupted  test  bearings  were 
examined  are  underlined.  When  a  given  bearing  failed,  an  analysis  of  the  oil 
samples  in  the  reverse  order  revealed  the  time  in  the  life  of  the  bearing  at 
which  a  noticeable  change  in  the  characteristics  of  the  oil  debris  occurred. 

(11)  The  bearings  were  modified  to  facilitate  their  assembly  and 
disassembly  for  periodic  examination  of  the  inner-ring  surfaces  during  bench 
testing.  The  land  at  the  smaller  end  of  the  cone  (inner  ring)  of  the  tapered 
roller  bearing  was  removed.  A  total  of  16  tapered  roller  bearings  were  modified 
for  use  in  this  program.  Of  these,  15  tapered  roller  bearings  were  tested.  An 
additional  tapered  roller  bearing  was  tested  due  to  failure  of  one  of  the  bench 
test  bearings  at  4  m.r.  This  life  wss  not  adequate  to  obtain  a  sufficient  num¬ 
ber  of  oil  samples  for  wear  particle  characteristic  studies.  It  was  also  in¬ 
sufficient  to  determine  the  rate  of  surface  damage  or  failure  progression. 

b.  Roller  Bearing  Surface  Monitoring. 

(1)  The  average  dimension  of  the  diagonal  of  the  two  dents  on  each 
of  the  tapered  roller  bearings,  the  corresponding  Rc  values  and  the  fatigue 
lives  are  listed  in  Table  19.  Of  the  15  bearings  tested  there  were  8  cone  fail¬ 
ures,  2  cup  failures,  3  roller  failures,  1  combination  cup  and  roller  failure, 
and  1  test  was  suspended.  None  of  the  cone  failures  occurred  at  the  Vickers 
indent. 
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(2)  The  results  of  Weibull  analysis  of  the  fatigue  life  data  for  the 
roller  bearings  are  presented  in  Table  20.  Previously  it  was  shown  that  the  L^q 
life  of  the  6309  ball  bearing  was  approximately  7  times  greater  than  its  theore¬ 
tical  life.  On  the  other  hand,  practically  no  improvement  is  observed  for  the 
tapered  roller  bearings.  It  is  interesting  to  note  that  although  the  Liq  life 
of  the  tapered  roller  bearings  is  approximately  10Z  that  of  the  ball  bearings  in 
terms  of  the  number  of  revolutions;  it  is  nearly  50Z  in  terms  of  the  number  of 
stress  cycles. 

(3)  Since  rolling  contact  fatigue  failures  occur  due  to  the  presence 
of  cyclic  stresses,  it  seems  appropriate  that  bearing  lives  be  reported  in  num¬ 
ber  of  stress  cycles  rather  than  number  of  revolutions.  This  would  make  it 
easier  and  more  meaningful  to  compare  fatigue  life  data  from  different  bearing 
types  and  test  methods.  The  difference  in  life  then  would  reflect  only  the 
differences  in  bearing  design,  material,  or  other  test  parameters.  Number  of 
revolutions  is  only  meaningful  in  reference  to  a  given  bearing  type.  Besides, 
all  other  fatigue  data  is  reported  in  terms  of  number  of  stress  cycles. 

(4)  The  progression  of  surface  damage  and  failure  on  tapered  roller 
bearings  was,  as  with  the  ball  bearings,  followed  with  the  help  of  surface  rough¬ 
ness  and  RMS  slope  angle  measurements  and  visual  and  scanning  electron  microsco¬ 
pic  examination  of  the  cone  (inner  ring),  roller  end,  and  flange  surfaces  of 
bench  test  bearing.  Particles  have  a  greater  probability  of  staying  in  the 
contact. 


(5)  In  the  case  of  tapered  roller  bearings  the  initial  surface  rough¬ 
ness  and  RMS  slope  angle  of  the  asperities  are  greater  than  those  in  a  ball 
bearing.  With  running,  the  surface  roughness  and  RMS  slope  angles  decrease  in 
the  case  of  tapered  roller  bearings  as  shown  in  Table  21.  This  is  contrary  to 
the  behavior  of  the  ball  bearings.  The  changes  in  surface  topography  between 
the  unrun  and  run  states  are  not  as  clearly  evident  for  the  tapered  roller  bear¬ 
ings  as  in  the  case  of  the  ball  bearings,  Figure  35. 


*1 


•1 


4 


1 

'I 


129 


NAEC-92-153 


TABLE  19.  SUMMARY  OF  TAPERED  ROLLER  BEARING  TEST  RESULTS 


Type  Test 

Bearing  ID 
Navy  SKF 

Indent 

Size 

Cum) 

Endurance 

RQ 

101 

153 

It 

RR 

102 

153 

II 

RS 

105 

153 

II 

RT 

106 

153 

II 

RU 

107 

151 

II 

RV 

108 

152 

It 

RW 

109 

152 

II 

RX 

110 

153 

•1 

RY 

115 

153 

II 

RZ 

116 

151 

Bench 

RA 

103 

152 

II 

RB 

104 

154 

II 

RC 

111 

150 

II 

RD 

112 

151 

II 

RE 

113 

152 

*  T  *  Terminated  without  failure 


Rockwell 

No.  of 

Hardness 

Oil 

Life 

(R„) 

Samples 

(m.r. 

63.7 

10 

71.3 

63.7 

5 

38.1 

63.7 

2 

12.4 

63.7 

12 

102.0 

64.4 

10 

81.0 

64.1 

8 

72.7 

64.1 

6 

37.0 

63.7 

3 

15.1 

63.7 

8 

57.2 

64.4 

17 

85.0 

64.1 

15 

117.8 

63.4 

2 

4.0 

64.7 

15 

117.8 

64.4 

3 

8.7 

64.1 

13 

98.8 

(b)  •  Did  not  fail  at  Vickers  indentation 


Element 

Failed* 


Cup 

Cone  (b) 

Roller 
Roller 
Cone  (b) 

Cone  (b) 

Cup  and  Roller 
Cup 

Cone  (b) 

Cone  (b) 

T 

Cone  (b) 

Cone  (b) 

Roller  (seam) 
Cone  (b) 


TABLE  20.  WE I BULL  ANALYSIS  OF  ROLLER  BEARING  FATIGUE  LIFE  RESULTS 

Tapered  Roller 
Bearing 

(LM102949/LM102901) 


1.  Median  Bias  Corrected  L}q 
106  revolutions 
10^  stress  cycles 


11.36 

147.68 


2.  90Z  Confidence  Interval  for  L^g 

106  revolutions 
106  stress  cycles 


3.82-21.67 

49.66-281.71 


3.  Weibull  Slope  1.33 

4.  Improvement  Over  Theoretical  Life  of 

10  m.r.  1.14X 


5.  Median  Bias  Corrected  L50 

106  revolutions 
10^  stress  cycles 

6.  90%  Confidence  Interval  for  L50 

106  revolutions 
10^  stress  cycles 


51.34 

667.42 


32.60-76.32 

432.90-992.16 
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TABLE  21.  ROLLER  BEARING  SURFACE  MEASUREMENT  DATA  §  i 


AS  A 

FUNCTION  OF 

MILLION  REVOLUTIONS 

— — ~  ( 

Surface 

Slope 

Bearing  ID 

Million 

Roughness 

Angle 

(Navy-SKF) 

Revo lu Cions 

CuoAA) 

(Deg) 

RQ-101 

Unrun 

0.17 

2.32 

*•  ' 

71.3 

0.1 

1.32 

RR-102 

Unrun 

0.16 

2.18 

38.1 

0.14 

1.65 

RA-103 

Unrun 

0.143 

1.93 

’  9  ' 

34.2 

0.11 

1.45 

98.2 

0.09 

1.42 

117.8 

0.10 

1.52 

RB-104 

Unrun 

0.10 

1.83 

4.0 

0.09 

1.38 

9  ' 

1 
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FIGURE  35 

CHANGES  IN  SURFACE  TEXTURE  OF  BEARING 
RA-103  CONE  SURFACE  WITH  ROLLING  CONTACT 
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(6)  A  representative  series  of  defects  observed  on  as-finished  ta¬ 
pered  roller  bearings  are  shown  in  Figure  36.  The  cone  rface  also  contained 
two  Vickers  indentations,  180°  apart  as  in  the  case  of  the  ball  bearings. 

(7^  The  surfaces  that  undergo  a  major  change  in  topography  during 
the  early  part  of  the  bearing  life  are  the  roH^r  ends  and  flange  surfaces, 

Figure  37.  The  wear  on  these  surfaces  occurs  due  to  sliding  and  should  contri¬ 
bute  to  a  large,  fraction  of  the  lamellar  (robbing  wear)  particles  observed  in 
the  oil  samples.  The  presence  of  high  sliding  in  the  roller  end-flange  contact 
is  evident  in  Figure  38.  The  topography  of  these  surfaces  stabilizes  within  the 
first  few  hours  of  the  bearing's  life  and  does  not  change  significantly  with 
further  running  under  the  same  conditions. 

(8)  Metal  shoulders  around  dents  and  furrows  on  tapered  roller  bear¬ 
ing  surfaces  suffer  glazing  and  microspalling  as  in  the  case  of  the  ball  bear¬ 
ings,  Figure  39.  However,  none  of  the  cone  failures  occurred  at  the  artificially 
induced  Vickers  indentations. 


B 


(9)  In  the  case  of  roller  bearings  the  load  is  evenly  distributed 
across  the  contact  width.  The  level  of  stress  at  a  defect  is  therefore  depen¬ 
dent  only  on  its  stress  raising  ability.  The  fact  that  none  of  the  cone  fail¬ 
ures  occurred  at  the  Vickers  indentation  signifies  that  the  as-finished  bearing 
contains  defects  that  are  more  severe  in  their  stress  raising  ability  than  a 
dent  150-153/*un  in  size. 
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(10)  As  stated  earlier  the  tapered  roller  bearings  are  made  of  CVD 
type  AISI  4118  steel  which  contains  nominal  0.18%  C  by  weight.  The  lower  carbon 
content  of  these  steels  leads  to  a  higher  melting  temperature  (^1550°C)  com¬ 
pared  to  the  through-hardening  grades  which  contain  0. 8-1.0%  C  ('■'■' 1450°C) .  Due 
to  this  increase  in  the  melting  temperature  at  these  already  high  temperatures, 
the  furnace  refractories  wear  to  a  greater  extent.  These  steels  therefore  con¬ 
tain  a  larger  amount  of  slag  and  inclusion  particles.  Most  of  the  cone  spalls 
initiated  at  inclusion  stringers,  Figures  40A  and  40B.  The  spall  in  Figure  40B 
is  very  close  to  a  Vickers  indent  but  was  not  initiated  by  it  as  judged  from  the 


133 


* 


NAEC-92-153 


INCLUSION  STRINGER  ON  CONE  SURFACE 


DENT  ON  CONE  SURFACE 


1 

365 

( 

C. 

1 

. 

4 

C.  GRINDING  SCRATCHES  ON  ROLLER  END 


ti 


i  .!» 


D.  GRINDING  SURFACES  ON  FLANGE 
SURFACE 


FIGURE  36.  SURFACE  DEFECTS  ON  COMPONENTS  OF  AS-FINISHED 
NO.  RA-103  TAPERED  ROLLER  BEARING 
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FIGURE  37.  WEAR  ON  ROLLER  END  AND  FLANGE 

SURFACES  DURING  ROLLING  CONTACT 


3852 


50X 


3825 


100X 
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3769  4  m.r.  1000X 


FIGURE  38 


EFFECT  OF  SLIDING  IN  ROLLER  END  FLANGE  CONTACT 
ON  ROLLER  END  SURFACE 


j  4  m. r.  20X 

FB-104:  INCLUSION  STRINGER 
INITIATED 


4170  98.8  m.r.  100X 

B.  RE- 113:  ASSOCIATED  WITH  BUT  NOT 
INITIATED  AT  VICKERS  DENT 


r, 


■1 


3662  38.1  m. r . 

C.  RR-102:  FURROW  INITIATED 


FIGURE  40.  MORPHOLOGIES  OF  SPALLS  ON  TAPERED  ROLLER  BEARING  CONE  SURFACES 
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rolling  direction.  Some  spalls  were  initiated  at  furrows,  Figure  40C.  It 
should  be  reiterated  that  the  site  at  which  spall  initiates  is  dependent  on  the 
stress  level  and  the  strength  of  the  material  at  that  point.  A  close  examina¬ 
tion  of  theAdge  (A)  in  Figure  40C  reveals  subsurface  cracks  that  have  emerged 
to  the  surfvce,  Figure  41. 

(11)  In  the  case  of  tapered  roller  bearings,  it  is  important  that 
the  actual  profiles  of  rollers  and  raceways  meet  design  specifications  as  close¬ 
ly  as  possible.  Errors  in  the  profiles  can  lead  to  edge  loading  and  excessive 
sliding  in  the  contact.  This  causes  further  damage  to  the  bearing  life  over  and 
above  that  caused  by  the  higher  inclusion  content.  The  absence  of  excessive 
sliding  is  evident  from  the  retention  of  the  sharp  edge  of  the  Vickers  dent  on  a 
tested  cone  surface.  Figure  39. 

c.  Roller  Bearing  Wear  Particle  Analysis 

(1)  Wear  debris  analysis  was  performed  on  respective  roller  bearing 
bench  test  lubricant  samples  by  SKF  Industries,  Foxboro  Analytical,  and  NAVAIRENGCEN . 
As  previously  discussed,  lubricant  samples  were  withdrawn  periodically  from  the 
roller  bearing  test  apparatus.  These  lubricant  samples  served  as  the  host  media 

for  fluid  borne  debris  analysis.  Table  IB  summarizes  the  number  and  respective 
operating  times  for  each  roller  bearing  series. 

(2)  As  can  be  expected,  there  is  substantial  similarity  between 
particle  analysis  results  of  ball  and  roller  bearings.  For  the  sake  of  brevity 
similarities  under  this  section  will  be  briefly  discussed  and  the  pertinent  ball 
bearing  section  referenced  for  a  more  detailed  discussion. 

(3)  As  in  the  case  of  ball  bearings,  the  three  wear  regimes;  wear- 
in,  normal  wear,  and  wear-out/abnormal  wear  will  be  discussed  with  respect  to 
the  roller  bearing  wear  debris  characteristics;  quantity,  size  distribution, 
composition,  and  morphology. 


FIGURE  1*1 
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(a)  Particle  Quantity 

1_.  The  quantity  of  wear  debris  contained  in  lubricant  sam¬ 
ples  taken  during  roller  bearing  testing  was  primarily  monitored  utilizing  fer- 
rographic  analysis  techniques.  As  in  the  ball  bearing  testing,  particle  count¬ 
ing  technique  results  were  discounted  as  a  result  of  the  presence  of  nonmagnetic 
lubricant  pump  debris  found  in  the  respective  oil  samples.  Ferrographic  magne¬ 
tic  precipitation  technique  served  to  minimize  the  complicating  effects  of  this 
non-magnetic  debris.  Spec trome trie  analysis  concentration  readings  were  also 
discounted  with  respect  to  particle  quantity  monitoring  as  a  result  of  their 
inherent  size  sensitivity  limitation.  This  limitation  is  discussed  in  detail  in 
Section  VI. 


2.  As  in  the  case  of  ball  bearing,  lubricant  borne  particle 
quantity/concentration  basically  followed  a  "bathtub"  curve  plot  over  the  wear 
life  of  the  roller  bearings.  Figure  42  represents  plots  for  three  of  the  roller 
bearing  sequences,  RT,  RU,  and  RY.  Figures  43,  44,  and  45  represent  series  of 
ferrography  entry  deposit  micrographs  of  these  sequences  which  can  be  directly 
related  to  sample  debris  concentration  levels.  These  micrographs  provide  gra¬ 
phic  evidence  of  the  "bathtub"  plot. 

3.  Each  roller  bearing  test  sequence,  as  with  ball  bear¬ 
ings,  can  be  divided  into  three  wear  regimes;  wear-in,  normal  wear,  and  wear- 
out/abnormal  wear. 


4.  Initial  wear-in  of  the  roller  bearings  results  in  a  high 
wear  rate  thus  a  high  level  of  debris  concentration.  The  second  regime,  normal 
wear,  results  in  a  much  lower  wear  rate  thus  a  much  lower  sample  debris  concen¬ 
tration.  Abnormal  wear,  the  final  regime,  results  in  an  accelerated  wear  rate 
and  thus  an  ever  increasing  level  of  debris.  This  increase  was  typical  of  all 
roller  bearing  test  failures. 

5^  Comparing  the  wear  quantity  characteristics  of  roller 
bearings  with  those  of  the  ball  bearings  test  sequences  the  following  observa¬ 
tions  can  be  made: 
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FIGURE  42.  ROLLER  BEARING  TEST  SEQUENCES 
FERROGRAPH  DENSITY  DATA 
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FIGURE  43 

ROLLER  BEARING  TEST  SEQUENT  RT 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Shm-t  1  of  5) 
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FIGURE  43 

ROLLER  BEARING  TEST  SEQUENCE  RT 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  2  of  5) 


FIGURE  43 

ROLLER  BEARING  TEST  SEQUENCE  RT 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  3  of  5) 


FIGURE  43 

ROLLER  BEARING  TEST  SEQUENCE  RT 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  5  of  5) 
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FIGURE  44 

ROLLER  BEARING  TEST  SEQUENCE  RU 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  1  of  4) 
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FIGURE  44 

ROLLER  BEARING  TEST  SEQUENCE  RU 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  2  of  4) 
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FIGURE  44 

ROLLER  BEARING  TEST  SEQUENCE  RU 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  3  of  4) 
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FIGURE  44 

ROLLER  BEARING  TEST  SEQUENCE  RU 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  4  of  4) 
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a.  Normal  wear  debris  quantity/concentration  levels  are 
approximately  the  same  for  the  two  bearing  types  with  roller  bearings  exhibiting 
only  a  slightly  higher  normal  wear  concentration  level.  This  factor  indicates 
that  the  two  bearing  types  exhibit  similar  normal  wear  rates  under  the  respec¬ 
tive  test  conditions. 


b.  Wear-in  debris  concentration  levels  for  the  roller 
bearing  tests  were  significantly  higher  than  those  of  the  ball  bearing  tests. 
This  factor  indicates  that  the  test  roller  bearings  experience  a  more  severe 
wear-in  process  than  the  test  ball  bearings  under  the  respective  test  condi¬ 
tions. 


£.  Abnormal  wear  debris  concentration  levels  for  the 
roller  bearing  tests  were  almost  double  the  levels  experienced  under  the  ball 
bearing  tests.  Part  of  this  difference  could  have  resulted  from  differences  in 
failure  criteria,  however,  it  does  tend  to  indicate  that  roller  bearings  gener¬ 
ate  greater  quantities  of  debris  during  an  abnormal  wear  regime  than  ball  bear¬ 
ings. 


6.  Figure  46  represents  a  generalized  plot  of  roller  bear¬ 
ing  and  ball  bearing  debris  concentration  versus  life.  The  wear  life  scale  on 
this  figure  has  been  normalized  to  a  percentage  in  order  to  eliminate  the  ef¬ 
fects  of  bearing  life  differentials  as  previously  discussed. 

It  is  to  be  noted  that  the  roller  bearing  lubricant 
systems  were  not  equipped  with  a  filter.  As  a  consequence,  decreases  in  debris 
concentration  must  have  resulted  from  a  combination  of  natural  filtration  (i.e. 
plating  out,  settling  effects,  etc.)  and  a  particle  grinding  process  which  causes 
particle  breakup  as  in  the  case  of  the  ball  bearing  test  sequences. 

8.  Figure  47  represents  a  debris  deposit  plot  for  roller 
bearing  sequence  RA.  Figure  48  presents  the  respective  series  of  ferrography 
entry  deposit  micrographs  from  this  sequence.  This  bearing  was  one  of  the  five 
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FIGURE  47 

ROLLER  BEARING  TEST  SEQUENCE  RA 
FERROGRAPH  DENSITY  DATA 


158 


9.2  m.r 


FIGURE  \6 

ROLLER  BEARING  1ES1  SEQUENCE  RA 
ENTRY  ['E.I’OSLT 
LOW  MAGNiK  .  .vriflB 

(  Sllfl*  l  . 


r 


« 


% 


« 


* 


NAEC-92-153 


62  m. r . 


FIGURE  4 8 

ROLLER  BEARING  TEST  SEQUENCE  RA 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  2  of  4) 
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FIGURE  48 

ROLLER  BEARING  TEST  SEQUENCE  RA 
ENTRY  DEPOSIT 


LOW  MAGNIFICATION 
(Sheet  4  of  4) 
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roller  bearing  tests  sequences  that  were  periodically  interrupted  for  wear  sur¬ 
face  analysis.  Contrary  to  what  was  experienced  during  ball  bearing  inspection, 
roller  bearing  disassembly/ reassembly  appears  to  have  minimal  effect  on  the 
respective  wear  rate  of  the  bearing.  The  reoccurrence  of  a  wear-in  process  upon 
reassembly,  as  experienced  during  ball  bearing  testing,  does  not  occur  during 
roller  bearing  testing.  Initial  indications  are  that  roller  bearings  are  far 
less  effected  by  disassembly/ reassembly  than  ball  bearings.  However,  the  dif¬ 
ferent  disassembly/ reassembly  procedures  utilized  on  the  two  bearing  types  could 
have  contributed  to  this  difference  in  wear  characteristics. 

9.  The  plot  presented  in  Figure  47  for  bearing  RA  is  also 
significant  from  a  second  aspect.  This  particular  rolling  bearing  did  not  ex¬ 
perience  a  failure  and  thus  the  test  sequence  was  terminated  as  a  result  of  time 
constraints.  As  can  be  observed  from  the  figure,  no  apparent  abnormal  wear 
regime  is  present.  This  observation  would  be  expected  from  a  normally  running 
bearing.  Also  noted  on  this  RA  test  sequence  plot  is  the  relatively  mild  wear- 
in  and  normal  wear  process  experienced  by  this  bearing.  Debris  levels  for  this 
test  during  wear-in  and  normal  wear  were  less  than  those  experienced  by  the 
remaining  roller  bearing  test  sequences.  A  mild  wear-in  and  relatively  low 
normal  wear  rate  could  be  indicative  of  a  long  life  bearing  as  presented  in  this 
test.  Figure  49,  on  the  other  hand,  represents  a  debris  plot  of  roller  bear¬ 
ing  test  sequence  RW.  Figure  50  presents  the  respective  series  of  micrographs 
for  this  test  sequence.  This  bearing  experienced  a  relatively  short  test  life, 
37  million  revolutions.  As  can  be  observed  from  the  plot,  this  bearing  experi¬ 
enced  a  severe/abnormal  wear- in  process  which  never  subsided  during  the  bearing 
life.  The  relatively  short  life  of  this  bearing  could  have  resulted  from  either 
a  latent  defect  in  the  new  bearing  or  a  result  of  a  severe  wear-in  process.  In 
any  case,  the  wear-in  process  appears  to  be  a  significant  factor  with  respect  to 
bearing  life,  the  exact  correlation  of  which  desires  further  investigation. 

10 .  Tables  22,  23,  24,  and  25  represent  spectrometr ic  read¬ 
ings  from  sequences  RT,  RU,  RY,  and  RW.  As  can  be  seen  from  the  iron  (Fe)  con¬ 
centration  readings,  there  is  little  indication  of  wear  debris  concentration 
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FIGURE  49 

ROLLER  BEARING  TEST  SEQUENCE  RW 
FERROGRAPH  DENSITY  DATA 
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FIGURE  50 

ROLLER  BEARING  TEST  SEQUENCE  RW 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  I  of  3) 
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SPECTROMETRIC  READING,  BEARING  RY-115 
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variation.  These  results  are  typical  of  spectrometric  analysis  of  roller  bear¬ 
ing  sequence  oil  samples.  A  detailed  discussion  of  this  effect  is  presented  in 
Section  VI. 


11.  Tables  26,  27,  28,  and  29  represent  particle  counting 
data  from  sequences  RT,  RU,  RY,  and  RW.  As  can  be  seen,  this  data  is  erradic 
and  does  not  follow  the  wear  debris  trends  as  indicated  by  the  ferrographic 
analysis.  These  variations  are  typical  of  the  roller  bearing  tests  sequences 
and  as  in  the  case  of  ball  bearings,  are  concluded  to  be  a  result  of  oil  pump 
wear,  as  explained  previously. 

12.  Although  test  particle  counts  are  suspect,  it  can  be 
noted  that  wear  debris  concentration  levels  for  these  roller  bearing  test  se¬ 
quences  are  of  the  magnitude  of  10&  per  100  ml  oil  (  >  2  n)  in  a  two  gallon 
lubrication  system. 

(b)  Particle  Size  Distribution 

1. .  The  size  distribution  of  wear  debris  contained  in  lubri¬ 
cant  samples  taken  during  roller  bearing  testing,  as  with  particle  quantity,  was 
primarily  monitored  by  ferrographic  analysis  techniques  as  discussed  previously. 
Implemented  particle  counting  technique  results  were  suspect. 

2.  Figures  51,  52,  53,  and  54  present  plots  of  ferrographic 
density  readings  at  two  different  locations  on  the  ferrogram  for  roller  bearing 
test  sequences  RT,  RU,  RY,  and  RW.  These  locations  represent  different  size 
ranges  of  debris  as  discussed  in  Section  VB.  The  entry  deposit  plot  represents 
debris  of  a  relatively  large  size;  >5/*m  while  the  50  mm  deposit  plot  repre¬ 
sents  debris  of  a  relatively  small  size;  2-5  m .  By  comparing  the  relationship 
of  these  curves  over  the  bearing  life  one  can  assess  the  trends  in  debris  size 
distribution. 
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r*  FIGURE  51 

ROLLER  BEARING  TEST  SEQUENCE  RT 
FERROGRAPH  DENSITY  DATA 
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FIGURE  52 

ROLLER  BEARING  TEST  SEQUENCE  RU 
FERROGRAPH  DENSITY  DATA 
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FIGURE  53 

ROLLER  BEARING  TEST  SEQUENCE  RY 
FERROGRAPH  DENSITY  DATA 
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FIGURE  54 

ROLLER  BEARING  TEST  SEQUENCE  RW 
FERROGRAPH  DENSITY  DATA 
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3.  As  can  be  seen  from  these  plots,  there  is  present  a 
relatively  high  ratio  of  large  to  small  debris  particles  during  both  the  wear-in 
and  abnormal  wear  regimes  as  compared  to  the  normal  wear  regime.  This  indi¬ 
cates,  as  in  the  case  of  the  ball  bearings,  that  a  significant  portion  of  the 
debris  generated  during  wear-in  and  abnormal  wear  is  greater  than  5_/<m  in  major 
dimension.  Figures  55,  56,  57,  and  58  represent  high  magnification  micrographs 
of  debris  deposits  for  sequences  RT,  RU,  RY,  and  RW.  These  micrographs  verify 
that  increases  in  debris  concentration  during  wear- in  and  abnormal  wear  can 
mainly  be  attributed  to  the  generation  of  large  debris. 

4.  It  can  also  be  noted  that  the  ratio  of  large  to  small 
particles  for  the  abnormal  wear  regime  is  significantly  higher  than  that  exhib¬ 
ited  by  the  wear- in  regime. 

5.  In  comparing  ball  bearing  and  roller  bearing  debris 
distributions,  the  following  observations  are  presented: 

a.  Normal  wear  debris  size  distributions  are  approxi¬ 
mately  the  same  for  the  two  bearing  types  with  roller  bearings  exhibiting  only  a 
slightly  higher  ratio  of  large  to  small  particles. 

b.  Wear-in  debris  size  distributions  for  the  roller 
bearings  indicate  a  significantly  higher  ratio  of  large  to  small  particles  as 
compared  to  the  ball  bearing  debris  distributions.  This  factor  confirms  the 
aforementioned  observation  that  the  test  roller  bearings  experience  a  more  se¬ 
vere  wear-in  process  than  the  test  ball  bearings  under  the  respective  test  con¬ 
ditions  . 


£.  Abnormal  wear  debris  size  distributions  for  the 
roller  bearing  tests  indicate  a  much  higher  ratio  of  large  to  small  debris  par¬ 
ticles  as  compared  to  the  ball  bearing  debris  distributions.  This  factor  con¬ 
firms  the  aforementioned  observation  that  the  test  roller  bearings  generate 
greater  quantities  of  large  debris  particles  during  the  abnormal  wear  regime 
than  do  the  ball  bearings. 
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FIGURE  55 

I  ROLLER  BEARING  TEST  SEQUENCE  RT 

ENTRY  DEPOSIT 
HIGH  MAGNIFICATION 
(Sheet  1  of  5) 

i 


180 


F. 


72  m. r . 


FIGURE  55 

ROLLER  BEARING  TEST  SEQUENCE  RT 
ENTRY  DEPOSIT 
HIGH  MAGNIFICATION 
(Sheet  3  of  5) 
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FIGURE  55 

ROLLER  BEARING  TEST  SEQUENCE  RT 
ENTRY  DEPOSIT 
HIGH  MAGNIFICATION 
(Sheet  4  of  5) 
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FIGURE  SA 

ROLLER  BEARING  TEST  SEQUENCE  RU 
ENTRY  DEPOSIT 
HIGH  MAGNIFICATION 
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FIGURE  57 

ROLLER  BEARING  TEST  SEQUENCE  RY 
ENTRY  DEPOSIT 
HIGH  MAGNIFICATION 
( Shot’ t  1  of  4) 
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FIGURE  57 

ROLLER  BEARING  TEST  SEQUENCE  RY 
ENTRY  DEPOSIT 
HIGH  MAGNIFICATION 
(Sheet  3  of  A) 
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57.2  m. r 


FIGURE  57 

ROLLER  BEARING  TEST  SEQUENCE  RY 
ENTRY  DEPOSIT 
HIGH  MAGNIFICATION 
(Sheet  A  of  A) 
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FIGURE  58  ] 

ROLLER  BEARING  TEST  SEQUENCE  RW  '  '  #  1 

ENTRY  DEPOSIT  :  .  1 

HIGH  MAGNIFICATION  1 

(Sheet  J  of  3)  .  • 
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FIGURE  58 

ROLLER  BEARING  TEST  SEQUENCE  RW 
ENTRY  DEPOSIT 
HIGH  MAGNIFICATION 
(Sheet  3  of  3) 
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6.  Figure  59  represents  a  generalized  plot  of  roller  bear¬ 
ing  and  ball  bearing  debris  size  distributions  for  the  three  wear  regimes. 

7.  Figure  60  represents  dual  density  plots  for  sequence  RA. 
Figure  61  provides  high  magnification  micrographs  of  the  respective  test  sequence 
ferrographic  deposits.  It  can  be  observed  from  this  sequence  that  after  the 
wear-in  regime  the  ratio  of  large  to  small  debris  particles  remained  constant 
through  the  test  sequence.  Since  this  bearing  did  not  experience  a  failure  and 
was  stopped  as  a  result  of  time  constraints,  the  constant  ratio  of  large  to 
small  debris  and  thus  particle  size  distribution  is  expected. 

8'.  The  above  discussed  particle  size  distribution  observa¬ 
tions  were  valid  for  all  the  roller  bearing  test  sequences. 

(c)  Particle  Composition 

1_.  Roller  bearing  testing  was  designed  in  such  a  way  as  to 
have  each  test  component  operating  in  an  independent  lubrication  system,  as  in 
the  case  of  ball  bearings.  This  design  was  implemented  in  order  to  limit  lubri¬ 
cant  borne  debris  to  that  being  produced  by  the  component  and  thus  simplify  the 
wear  debris  analysis  process.  As  a  result,  debris  composition  should  not  play 
an  important  role  in  this  correlation  effort  since  all  debris  should  be  the  same 
material  as  the  parent  component. 

2.  However,  debris  contamination  problems  were  experienced 
during  roller  bearing  testing  as  the  case  with  ball  bearings.  A  discussion  of 
this  contamination  problem  is  presented  under  the  ball  bearing  section. 

(d)  Particle  Morphology 

1.  The  last  factor  to  be  considered  under  roller  bearing 
wear  particle  analysis  is  morphology  or  shape.  Morphological  analysis  for  rol¬ 
ler  bearings  is  very  similar  to  that  analysis  presented  previously  for  ball 
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ROLLER  BEARING  TEST  SEQUENCE  RA 
FERRTGRAPH  DENSITY  DATA 


V 

i 

*> 

* 

%  * 

* 

*> 

0. 18  m.r. 


J  t  * 


I 


'T* 


I 


4  re 


i. 


A 


9.2  m.r. 


FIGURE  61 

ROLLER  BEARING  TEST  SEQUENCE  RA 
ENTRY  DEPOSIT 
HIGH  MAGNIFICATION 
(  Shot- 1  i 
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FIGURE  61 

ROLLER  BEARING  TEST  SEQUENCE  RA 
ENTRY  DEPOSIT 
HIGH  MACNIE  ICA'I  ’<N 
(  Shee  t  2(1  .'« ) 


FIGURE  61 

ROLLER  BEARING  TEST  SEQUENCE  RA 
ENTRY  DEPOSIT 
HIGH  MAGNIFICATION 
(Sheet  I  ot  4) 
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FIGURE  61 

ROLLER  BEARING  TEST  SEQUENCE  RA 
ENTRY  DEPOSIT 
HIGH  MAGNIFICATION 
(Sheet  4  of  4) 
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hearings.  Analysis  similarities  will  be  presented  under  this  discussion,  how¬ 
ever,  pertinent  ball  bearing  sections  will  be  referenced  for  detailed  treat¬ 
ments. 


2.  Roller  bearing  wear-in  debris  particle  morphology  pro¬ 
file  is  very  similar  to  the  debris  profile  generated  during  the  wear-in  of  ball 
bearings.  The  description  of  ball  hearing  wear-in  debris  morphology,  previously 
presented,  is  thus  applicable  to  roller  bearing  wear- in  particulates.  Roller 
bearing  wear-in  particles  are  highlighted  in  the  initial  micrographs  of  test 
sequences  RT,  RU ,  RY,  and  RA  presented  in  Figures  35,  56,  57,  and  60  respective¬ 
ly  . 

3.  Roller  bearing  normal  wear  particulates  are  dominated  by 
free  metal  platelets.  These  platelets  consist  of  rubbing  wear,  laminar  parti¬ 
cles,  and  spiral  shaped  particles.  The  presence  of  both  rubbing  wear  and  lami¬ 
nar  particles  is  identical  to  that  observed  in  the  ball  bearing  test  sequences. 

As  a  result  the  discussion  of  these  particle  types  previously  presented  is  ap¬ 
plicable  to  roller  bearing  particle  morphology. 

4.  Spiral  particles  appear  to  be  characteristic  of  roller 
bearings  and  are  not  observed  under  normal  conditions  in  ball  bearing  testing. 
These  particles  are  small  ( -<.5  /-*m)  and  are  likely  to  be  produced  by  roller  end- 
flange  contact.  The  appearance  of  these  particle  is  very  similar  to  cutting 
particles  produced  in  an  abrasive  wear  regime  or  a  normal  grinding  process. 

Figure  62  presents  a  micrograph  of  roller  bearing  spiral  debris  as  well  as  grind¬ 
ing  process  debris  particles.  Figure  63  and  64  presents  a  series  of  micrographs 
depicting  cutting  wear  debris  generated  as  a  result  of  one  surface  penetrating 
another.  The  effect  is  the  generation  of  particles  much  as  a  lathe  tool  creates 
machining  swarf;  except  on  a  microscopic  scale.  This  effect  can  be  caused  by 
such  situations  as  component  misalignment  or  the  presence  of  abrasive  contami¬ 
nants  . 
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4517  5000X 

A.  TAPERED  ROLLER  BEARING 


FIGURE  62 

SIMILARITY  OF  APPEARANCE  OF  CUTTING  WEAR  PARTICLES 
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FIGURE  63 

ABRASIVE  WEAR  PARTICLES 
(Sheet  2  of  3) 
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FIGURE  64 

ABRASIVE  WEAR  PARTICLES 
(Sheet  2  of  3) 
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5.  As  in  ball  bearing  testing,  the  predominant  abnormal 
wear  mode  occurring  during  roller  bearing  testing  was  surface  fatigue.  Three 
distinct  particles  have  been  associated  with  rolling  contact  fatigue;  laminar 
particles,  spherical  particles,  and  fatigue  spall  particles.  These  particle 
types  are  the  same  for  both  ball  and  roller  bearing  test  sequences.  As  a  result 
the  discussion  previously  presented  under  the  ball  bearing  section  is  applicable 
to  roller  bearings.  Roller  bearing  abnormal  wear  debris  particles  are  high¬ 
lighted  in  the  later  micrographs  of  test  sequences  RT,  RU,  RY,  and  RA  presented 
in  Figures  55,  56,  57,  and  61  respectively. 

6.  In  comparing  ball  bearing  and  roller  bearing  debris 
morphology  the  following  observations  are  presented: 

a.  Wear-in  debris  particle  types  are  similar  for  both 
ball  bearing  and  roller  bearing  test  sequences  under  the  respective  test  condi¬ 
tions. 

b.  The  normal  wear  debris  particle  types  of  rubbing 
wear  and  laminar  particles  are  typical  of  both  bearing  types.  Roller  bearings 
generate  spiral  debris  during  the  normal  wear  regime.  The  spiral  debris  is 
absent  during  ball  bearing  testing. 

c.  Abnormal  wear  debris  particles  are  similar  for  both 
bearing  types  under  the  respective  test  conditions. 

d.  Roller  bearing  debris  particle  types  are  on  the 
average  larger  and  appear  in  greater  numbers  than  the  ball  bearing  debris  parti¬ 
cle  types. 

T_.  The  particle  morphology  summary  presented  above  is  typi¬ 
cal  for  the  roller  bearing  sequences  conducted  under  this  program. 
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4.  GEAR  BENCH  TESTING.  Gear  bench  testing  was  performed  by  the  Naval  Air 
Propulsion  Center  (NAVAIRPROPCEN) .  Details  of  this  test  effort  and  respective 
analysis  effort  is  provided  in  the  following  paragraphs. 

a.  Gear  Test  Procedure 

(1)  Basically,  by  definition,  a  gear  has  failed  when  it  can  no  longer 
efficiently  function  in  the  job  for  which  it  was  designed.  The  cause  of  failure 
may  range  from  excessive  wear  to  catastrophic  breakage  as  defined  below. 

(a)  Wear:  A  surface  phenomenon  in  which  layers  of  metal  are 
removed,  or  "worn  away",  fairly  uniformly  from  the  contacting  surfaces  of  gear 
teeth. 


(b)  Pitting/Spalling:  Surface  fatigue  failure  which  occurs  when 
the  material  endurance  limit  is  exceeded  and  is  directly  related  to  surface 
contact  stress  and  number  of  stress  cycles.  Spalls  are  irregular  shaped  large 
pits. 


(c)  Scuffing/ Scoring:  Rapid  wear  (by  alternate  welding  and 
tearing)  of  tooth  surfaces  resulting  from  a  failure  of  the  oil  film  due  to  over¬ 
heating  of  the  mesh,  thus  permitting  metal-to-metal  contact. 

(d)  Plastic  Flow:  A  surface  deformation  from  the  yielding  of 
surface  and  subsurface  material  (cold  working)  which  is  usually  associated  with 
softer  gear  materials,  but  which  can  occur  in  heavily  loaded  cases  of  through 
hardened  gears. 


(e)  Fracture:  Failure  caused  by  breakage  of  a  whole  tooth  due 
to  excessive  tooth  loading. 
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(2)  The  gear  bench  test  program  at  NAVAIRPROPCEN  was  conducted  to 
determine  the  feasibility  of  identifying,  by  used  oil  analysis,  three  of  the 
five  failure  modes  discussed  above,  i.e.,  wear,  pitting,  and  scuffing/scoring 
when  such  failures  are  simulated  on  the  Ryder  Gear  Machine.  These  failure  modes 
were  selected,  to  the  exclusion  of  the  others,  because  of  metal  particle  gener¬ 
ation  which  normally  occurs  in  a  progressive  manner. 

(3)  The  test  program  consisted  of  bench  testing  of  gear  sets  in  a 
closed-loop  lubricant  system.  Test  gears  consisted  of  A1SI  9310  aircraft  qual¬ 
ity  steel,  case  hardened  spur  gears  with  28  teeth  at  22. 5-degree  pressure  angle 
and  8  diametral  pitch.  Mating  (load)  gears  were  the  same  configuration  except 
for  tooth  width,  and  operated  at  a  1:1  gear  ratio.  The  gear  set  met  both  the 
metallurgical  and  dimensional  specifications  as  set  forth  in  Test  Method  D-1947 
of  the  American  Society  for  Testing  and  Materials  (ASTM).  A  representation  of 
the  test  gear  set  configuration  is  presented  in  Figure  65. 

(4)  Gear  testing  was  conducted  on  a  standard  Ryder  Gear  Machine.  A 
picture  of  a  typical  Ryder  Machine  utilizing  an  Erdco  Universal  Tester  is  pre¬ 
sent  in  Figure  66.  The  Ryder  teat  method  is  normally  utilized  to  determine  the 
load-carrying  capacity  of  petroleum  oil  and  synthetic  gear  lubricants  under  ASTM 
test  method  D1947-77.  An  advanced  high  speed/high  temperature  model,  the  Ryder 
Research  Gear  Machine,  Figure  67,  was  used  in  this  program.  The  gear  machine 
operates  on  the  four-square  principle  in  that  two  parallel  shafts  are  connected 
by  two  sets  of  gears;  one  set  is  the  replaceable  test  spur  gears  and  the  other 
is  a  set  of  helical  gears  which  are  integral  with  the  shafts.  Figure  68.  Load 
is  applied  hydraulically  to  the  test  gears  by  the  axial  movement  of  one  shaft 
relative  to  the  other.  Gear  tooth  load,  then,  is  a  function  of  helix  angle, 
shaft  cross-sectional  area  (system  constants),  hydraulic  pressure  and  gear  tooth 
width.  The  gear  machine  has  also  been  used  in  surface  fatigue  (pitting)  studies 
because  system  operating  parameters  can  be  readily  controlled  and  imposed  on  the 
test  gears.  Some  of  these  main  parameters  are: 

(a)  Speed  -  Sliding  velocities/Slide  roll  ratio 

(b)  Load  -  Tooth  load/Hertz  stress 
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D-1947 


A.  RYDER  GEAR  MACHINE 

B.  DRIVE  MOTOR 

C.  DYNAMATIC  COUPLING 


D.  STEP-UP  GEARBOX 

E.  ADAPTOR 

F.  INDEXING  RATCHET 


FIGURE  66 

ERDCO  UNIVERSAL  TESTER 
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A.  DRIVE  SHAFT 

B.  DRIVEN  (LOAD)  SHAFT 

C.  HELICAL  "SLAVE"  GEARS 

D.  TEST  GEAR 

E.  LOAD  GEAR 


FIGURE  67 

CROSS-SECTION  OF  RYDER  RESEARCH  GEAR  MACHINE  TEST  HEAD 
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(c)  Temperature  -  Range  of  oil  temperatures  to  426. ?°C  (800°F) 

(d)  Test  oil  flow  rates 

(5)  Ryder  gear-mesh  configuration  results  in  a  combination  of  slid¬ 
ing  and  rolling  contact.  The  path  of  contact  lies  on  the  common  tangent  to  the 
base  circles  and  the  length  of  the  contact  path  is  limited  by  the  outside  di¬ 
ameter  of  the  gears.  The  tooth  action  results  in  a  combination  of  rolling  and 
sliding  between  engaging  profiles.  Pure  rolling  occurs  only  at  the  pitch  point 
and  maximum  sliding  velocity  at  the  tip  of  a  tooth,  point  C,  indicated  in  Figure 
69. 


(6)  The  point  of  contact  travels  along  the  common  tangent  to  the 

^  base  circles  and  the  common  tangent  is  normal  to  the  tooth  profiles  at  the  point 

of  contact.  Each  of  the  contact  points  on  mating  flanks  has  a  tangential  velo¬ 
city.  The  velocity  vector  diagram  for  the  maximum  sliding  velocity  at  point  C 
has  been  indicated  in  Figure  70.  The  maximum  sliding  velocity  (Vs)  across  the 
line  of  action  is  the  difference  of  the  velocity  components  for  point  C  (gear 

[  tip)  across  the  line  of  action.  The  slide/roll  ratio  for  point  C  is  the  ratio 

of  sliding  and  rolling  velocities  at  point  C.  At  the  point  of  contact,  each 
tooth  flank  may  be  considered  to  be  part  of  a  cylinder,  and  therefore  can  be 
represented  by  two  cylinders. 

I 

a 

(7)  The  basic  Ryder  test  oil  system  is  a  closed-loop,  recirculating 
system  as  shown  schematically  in  Figure  71.  The  system  is  completely  isolated 
from  the  support  oil  system,  Figure  72,  which  avoids  the  introduction  of  wear 

I  debris  from  all  other  sources  except  for  the  test  oil  pump.  The  100  mesh  (149 

yum)  filter  was  left  in  the  system  since  its  size  (filtration)  would  not  interfere 
with  metal  particles  carried  by  the  oil  for  subsequent  analyses.  The  original 
test  oil  system  was  later  replaced  by  a  second  oil  system  which  was  used  in  SKF 

I  Industries,  Inc.,  bearing  bench  tests  previously  discussed.  The  change  was  made 

late  in  the  gear  bench  tests  (last  two  fatigue  tests)  when  it  was  suspected  that 
metal  particle  retention  or  contamination  of  the  first  system  from  one  test  to 
the  next.  A  schematic  diagram  of  the  second  test  oil  system  is  shown  in  Figure 
73. 
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FIGURE  70 

RYDER  GEAR-MESH,  VELOCITY  VECTOR  DIAGRAM 
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FIGURE  71 

SCHEMATIC  DIAGRAM  OF  STANDARD  CLOSED-LOOP 
GEAR  LUBRICATION  SYSTEM 
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ASTM  D-19A7 


FIGURE  72 

SCHEMATIC  DIAGRAM  OF  SUPPORT  AND 
LOAD  OIL  SYSTEM  FOR  RYDER  GEAR  MACHINE 
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TEST  HEAD 


HEATING  ELEMENT 
(TEMPERATURE  TRIM) 


FIGURE  73 

SCHEMATIC  DIAGRAM  OF  SKF  "CLEAN"  CLOSED-LOOP 
GEAR  LUBRICATION  SYSTEM 
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(8)  A  qualified  Military  Specification  MIL-L-23699  oil  was  used  in 
the  test  oil  system  throughout  the  program. 

(9)  In  general,  the  gear  bench  test  program  was  designed  to  provide 
three  types  of  surface  failures  common  to  gear  systems.  The  combinations  of 
operating  conditions  for  the  program,  were  selected  to  produce  scuffing/ scoring 
and  fatigue  failure  modes  with  normal  wear  considered  as  the  extended  operation 
prior  to  any  pitting  fatigue  failures.  A  total  of  420  hours  of  machine  time  was 
scheduled  for  the  program.  The  condition  of  gear  tooth  surfaces  was  monitored 
by  a  closed  circuit  television  system  and  photographically  documented  at  pre¬ 
scribed  sampling  intervals.  The  planned  test  procedures  for  the  specific  fail¬ 
ure  modes  sought  are  outlined  below: 

(a)  Scuffing/ Scoring  Failure  Mode 
1. .  Pre-Teat 

a.  Photographs  of  typical  unused  tooth  surface  (minimum 
of  two  sets  of  prints). 

b.  Circulate  test  oil  until  73.9°C  (165°F)  operating 
temperature  is  attained. 

c.  Take  oil  samples  for  background  reading  (two  sample 
bottles) . 

2.  Test  -  Conduct  standard  scuff  tests  at  10,000  rpm  with 

following  modifications: 

a.  Use  40,300  N/m  (230  PPI)  load  increments. 


b.  Break-in  run  at  40,300  N/m  (230  PPI)  load  for  ten 


minutes. 


c.  Take  oil  samples. 
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d .  Evaluate  scuff  and  record. 

e.  Photographs  of  average  (typical)  tooth  surface. 

Increase  load  in  40,300  N/m  (230  PPI)  increments  and 
run  ten  minutes  at  each  load  until  S  percent  average 
scuff  is  obtained  and  record. 

£.  Photographs  of  highest,  average,  and  lowest  scuffed 
tooth  surfaces. 

h.  Continue  test  at  constant  load  for  one  additional 
hour. 

i. .  Take  oil  samples. 

Re-evaluate  scuff  and  record. 

k.  Photographs  of  the  same  tooth  surfaces  taken  in  (g) 
above. 

Repeat  (f)  through  (k)  for  approximate  values  of  10  percent,  20  percent,  30 
percent,  etc.,  to  90  percent  average  scuffed  tooth  surfaces.  Subsequent  photo¬ 
graphs  at  10  percent,  20  percent,  etc.,  are  again  highest,  average,  and  lowest 
scuffed  surfaces  and  not  necessarily  the  same  teeth  as  3  percent  condition. 

(b)  Normal  Wear  and  Fatigue  Failure  Modes 

Note:  Normal  wear  is  assumed  during  test  operation  until 
fatigue  pitting  occurs. 


Test  Conditions:  10,000  rpm,  ambient  test  oil  temperature. 


Pre-Test: 

a.  Photographs  of  typical  (unused)  tooth  surface  (minimum 
of  two  sets  of  prints). 

b.  Circulate  oil  for  10  minutes. 

£.  Take  oil  samples  for  background  reading  (two  sample 
bottles  each)  before  and  after  the  oil  is  circulated. 

Test: 

a.  Run-in  for  10  minutes  at  each  40,300  N/m  (230  PPI) 
load  increment  up  to  362,500  N/m  (2070  PPI)  load. 

Read  and  record  scuff  after  each  load  increment. 

b.  Take  oil  samples  at  201,400  N/m  (1150  PPI)  and  362,500 
N/m  (2070  PPI)  loads. 

c.  Take  photographs  of  typical  tooth  surfaces  only  at 
362,500  N/m  (2070  PPI). 

d.  If  average  scuff  is  less  than  10  percent,  continue 
test  at  constant  362,500  N/m  (2070  PPI)  load. 

e.  Take  photographs  and  oil  samples  every  5  hours  up 
to  30  hours  and  every  10  hours  thereafter  until 
pitting  occurs. 
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(10)  A  total  of  nine  gears  were  tested.  Five  gears  were  subjected 
to  scuffing/scoring  test  parameters.  One  of  these  test  sequences  was  aborted 
however,  as  a  result  of  the  inadvertent  use  of  a  wrong  lubricant.  The  remaining 
four  gears  were  subjected  to  normal  wear/ fatigue  test  parameters.  Respective 
designations  for  these  test  sequences  are  given  in  Table  30. 

(11)  As  mentioned  previously  all  gear  testing  was  conducted  util¬ 
izing  ester  base  MIL-L-23699  lubricant.  In  order  to  minimize  liquid  borne  de¬ 
bris  and  thus  simplify  the  debris  analysis  process,  the  test  oil  was  filtered 
through  a  3  /x-ra  Millipore  filter  prior  to  gear  testing. 

(12)  Oil  samples  collected  throughout  the  program  were  appropriately 
identified  and  subjected  to  spectrometric  and  ferrographic  analyses.  These 
analyses  were  directed  at  determining  significant  changes  in  metal  content, 
particle  size,  shape  or  distribution  which  can  be  associated  with  the  type  fail¬ 
ure  modes. 

b.  Gear  Surface  Monitoring 

(1)  A  summary  of  the  entire  gear  bench  test  program  is  presented  in 
Table  30.  The  table  identifies  the  type  test  performed  and  all  related  oil 
samples,  test  times,  and  gear  tooth  surface  evaluations  which  are  necessary  for 
the  projected  analyses.  In  addition,  the  last  column  attempts  to  give  pertinent 
information  which  describes  procedures  and/or  operations  applicable  to  the  oil 
samples.  The  individual  tests  performed  and  relatable  results  are  discussed 
below. 

(a)  Scuffing/Scoring  Test  (GA)  -  This  initial  test  was  conducted 
in  accordance  with  the  procedures  outlined  in  previous  paragraphs.  The  pre-test 
and  early  load  schedule  were  appropriately  followed  and  gave  the  desired  results, 
i.e.,  5  percent  scuff  was  attained  and  continued  operation  for  one  hour  at  con¬ 
stant  load  produced  an  insignificant  increase  in  scuff  to  7  percent.  The  next 
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ABORT  TEST;  SPALLS  ON  A  TEETH 


TABLE  30.  OIL  ANALYSIS  PROGRAM  SUMMARY  OF  GEAR  BENCH  TESTS 

(Sheet  6  of  7) 
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scuff  level  attained  was  IS  percent  instead  of  the  10  percent  as  directed,  but 
the  test  was  continued  at  constant  load  for  one  hour.  After  35  minutes  at  load, 
a  sudden  increase  in  scuff  level  was  indicated  by  changes  in  specific  operating 
parameters.  Upon  visual  inspection  by  closed  circuit  television  the  average 
scuff  level  had  increased  to  80  percent  and  the  test  was  terminated. 

(b)  Scuffing/Scoring  Test  (GB)  -  This  test  was  aborted  and  all 
information  discarded  when  it  was  determined  that  the  wrong  oil  was  inadvertent¬ 
ly  used  in  the  test  oil  system. 

(c)  Scuffing/ Scoring  Test  (GC)  -  The  first  test  procedure  was 
repeated  in  this  test  with  some  "controlled"  changes  in  test  oil  flow  which  were 
intended  to  promote  (a)  the  onset  of  scuffing  at  low  tooth  load  (reduced  oil 
flow),  and  (b)  the  retardation  of  scuffing  at  the  high  tooth  loads  (increased 
oil  flow).  However,  the  imposed  test  oil  flow  changes  proved  ineffective  in 
controlling  the  scuff  phenomenon.  Consequently,  scuffing  again  increased  sig¬ 
nificantly  during  the  attempted  one  hour  at  constant  load  and  the  test  was  ter¬ 
minated.  At  this  point,  it  was  determined  that  standard  scuffing  test  proce¬ 
dures  may  be  a  better  method  to  provide  samples  of  scuffing  at  5,  10,  20,  30, 
etc.,  percent  levels  and  the  next  two  tests  were  conducted  in  this  manner. 

(d)  Scuffing/Scoring  (GD)  -  This  test  was  performed  in  accord¬ 
ance  with  standard  ASTM  scuffing  test  procedures,  i.e.,  test  operation  for  ten 
minutes  at  each  load  increment  and  evaluation  of  the  average  percent  scuff.  The 
procedure  provided  various  scuffing  values  from  1  to  50  percent  and  oil  samples 
for  appropriate  analyses. 

(e)  Scuffing/ Scoring  Test  (GE)  -  A  second  test  was  conducted 
following  the  procedures  used  in  the  above  (GD)  test.  Again,  scuff  values  were 
obtained  which  varied  from  1  to  70  percent.  The  random  nature  of  the  scuffing 
phenomenon  precludes  exact  and/or  repeatable  scuffing  values  even  at  the  same 
load  setting,  i.e.  in  tests  GD  and  GE  at  the  same  load  of  483,350  N/m  (2760 
PPI),  the  scuffing  values  were  23.8  and  12.2  percent,  respectively.  This  vari¬ 
ability  is  not  uncomnon  in  the  scuffing  failure  mode  for  the  Ryder  Gear  Machine. 
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(f)  Normal  Wear/Fatigue  Test  (GF)  -  This  initial  test  for  the 
normal  wear/ fatigue  failure  modes  was  conducted  in  accordance  with  the  proce¬ 
dures  outlined  under  previous  paragraphs.  As  specified,  following  "run-in"  of 
the  gears,  the  test  was  conducted  at  a  constant  load  of  362,500  N/m  (2070  PPI) 
for  91.5  hours  without  fatigue  (pitting)  failure.  The  test  was  continued  at  an 
increased  tooth  load  of  402,790  N/m  (2300  PPI)  without  fatigue  failure  and  final¬ 
ly  aborted  at  111.5  hours  (approximately  6.7  x  107  cycles).  In  this  test,  oil 
samples  and  surface  conditions  prior  to  fatigue  (pitting)  failure,  were  considered 
to  be  representative  of  normal  wear.  However,  the  amount  of  scuffing  incurred 
generated  a  quantity  of  metal  particles  which  would  mask  any  normal  wear  parti¬ 
cles  and  would  preclude  meaningful  analysis. 

(g)  Normal  Wear/Fatigue  Test  (GG)  -  A  second  fatigue  test  was 
conducted  following  the  established  procedures,  but  with  increased  test  oil  flow 
(to  restrict  scuffing)  and  at  higher  constant  tooth  load  (443,000  N/m  or  2530 
PPI).  At  this  load,  two  teeth  exhibited  fatigue  spalls  after  approximately  42 
hours  of  operation.  Although  a  third  and  fourth  tooth  spalled  at  approximately 
62  and  72  hours  respectively,  continued  operation  indicated  no  further  change 
and  the  test  was  aborted  at  approximately  92  hours. 

(2)  With  approximately  50  percent  of  the  scheduled  420  test  hours 
completed,  the  program  was  reviewed.  It  was  concluded  that  two  additional  nor¬ 
mal  wear/fatigue  tests  would  be  conducted  with  efforts  directed  to  reducing 
scuffing/ scoring  as  well  as  improving  cleanliness  in  the  test  oil  system.  To 
meet  these  requirements,  NAVAIRPROPCEN  installed  a  second  test  oil  jet  and  the 
"clean"  test  oil  system  used  in  SKF  Industries,  Inc.  bearing  tests.  The  addi¬ 
tional  test  oil  jet  provided  more  test  oil  to  the  gear  mesh  and  a  resultant 
decrease  in  the  amount  of  scuffing/scoring  (subsequently  shown  in  tests  GH  and 
GI).  The  effectiveness  of  the  "clean"  oil  system  can  only  be  determined  by 
ferrographic  analysis  of  initial  samples  in  the  final  two  test  sequences.  With 
the  Ryder  Gear  Machine  modified  as  described,  the  final  two  sequences  were  con¬ 
ducted  and  are  discussed  below. 
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(a)  Normal  Wear/Fatigue  Test  (GH)  -  This  test  was  essentially  a 
repeat  of  test  GG,  i.e.  constant  tooth  load  of  443,000  N/m  (2530  PPI)  except 
that  test  oil  flow  was  significantly  increased  with  the  two  oil  jets.  The  in¬ 
creased  flow  resulted  in  much  lower  average  tooth  scuffing  throughout  the  entire 
test.  At  approximately  7  hours,  mild  pitting  was  evident  on  12  of  the  28  teeth. 
The  test  was  continued  at  constant  load  to  91.8  hours  with  no  significant  in¬ 
crease  in  either  number  or  size  of  pits.  An  additional  7  hours  was  completed  at 
increased  tooth  load  without  significant  change  and  the  test  was  aborted  at  98.8 
hours  total  time. 

(b)  Normal  Wear/Fatigue  Test  (GI)  -  This  test  was  essentially  a 
repeat  of  the  previous  test  except  that  tooth  load  was  increased  to  483,350  N/m 
(2760  PPI)  in  an  attempt  to  induce  larger  size  pits  and/or  spalls.  Mild  pitting 
was  observed  on  two  teeth  after  2  hours  of  operation  with  a  third  tooth  pitting 
after  7  hours.  The  test  was  continued  for  72  hours  (total)  with  no  significant 
change  in  number  or  size  of  pits.  The  load  was  then  increased  to  523,630  N/m 
(2990  PPI)  and  after  20  hours  (total  92  hours),  a  fourth  tooth  developed  a  medi¬ 
um  size  spall.  Since  the  average  percent  scuff  was  still  relatively  low,  the 
load  was  again  increased  to  563,900  N/m  (3220  PPI).  However,  the  pits/or  spalls 
did  not  change  and  the  test  was  aborted  at  112  hours. 

(3)  The  gear  bench  tests  in  the  Ryder  Gear  Machine  have  successfully 
produced  gear  failure  modes  typically  found  in  gears  and/or  gear  systems.  The 
condition  of  gear  tooth  surfaces  at  various  degrees  of  wear  or  failure  was  photo¬ 
graphically  documented  throughout  the  program.  The  tests  provided  sequential 
oil  samples  taken  at  specific  intervals  in  each  failure  mode  which  were  then 
subjected  to  extensive  analyses. 

c.  Gear  Wear  Particle  Analysis 


(1)  Wear  debris  analysis  was  performed  on  respective  gear  bench  test 
lubricant  samples  by  Foxboro  Analytical  and  NAVAIRENGCEN .  As  discussed  earlier, 


237 


NAEC-92-153 


lubricant  samples  were  withdrawn  periodically  from  the  gear  test  apparatus. 

These  lubricant  samples  served  as  the  host  media  for  fluid  borne  debris  analy¬ 
sis.  Table  30  sumnarizes  the  sample  number  and  respective  operating  times  for 
each  gear  test  sequence. 

(2)  As  in  the  case  of  rolling  element  bearing  analysis,  gear  tests 
sequences  will  be  evaluated  with  respect  to  the  three  wear  regimes/phases:  wear- 
in,  normal  wear,  and  wear-out/abnormal  wear.  Each  gear  wear  life  regime  will  be 
evaluated  with  respect  to  wear  debris  characteristics  that  present  themselves 
during  the  respective  regime.  Particle  characteristics  (i.e.  quantity,  size 
distribution,  composition,  and  morphology)  will  be  correlated  to  surface  wear 
condition/ life  during  the  gear  bench  test  sequences. 

(a)  Particle  Quantity 

1^.  The  quantity  of  wear  debris  contained  in  lubricant  sam¬ 
ples  taken  during  gear  testing  was  primarily  monitored  utilizing  ferrographic 
analysis  techniques.  Particle  counting  technique  results  were  discounted  as  a 
result  of  contaminants  found  in  the  respective  oil  samples.  Ferrographic  mag¬ 
netic  precipitation  techniques  served  to  minimize  the  complicating  effects  of 
this  undesirable  contaminant.  Spectrometric  analysis  concentration  readings 
were  also  discounted  with  respect  to  particle  quantity  monitoring  as  a  result  of 
their  inherent  size  sensitivity  limitations,  as  discussed  in  Section  VI. 

2.  Gear  test  sequence  lubricant  borne  particle  quantity/ 
concentration  plots  basically  fall  into  two  generalized  groups.  Figures  74  and 
75  represent  plots  for  gear  sequences  GG  and  GH.  Figures  76  and  77  represent 
series  of  ferrography  entry  deposit  micrographs  of  the  respective  sequences.  As 
can  be  observed  from  the  plots  and  verified  by  the  micrographs,  sequence  debris 
concentration  generally  follow  the  expected  bathtub  curve.  Sequences  GG  and  GH, 
as  previously  discussed,  fall  within  the  gear  test  sequence  group  directed  at 
normal  wear  and  fatigue  failure.  Although  these  tests  are  accelerated  in  na¬ 
ture,  this  test  group  is  more  representative  of  a  field  operating  gear  wear  life 
than  the  scuffing  sequence  test  group  to  be  discussed  later  in  this  section. 
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REVOLUTIONS  (X106) 

FIGURE  74 

GEAR  TEST  SEQUENCE  GG 
FERROGRAPH  DENSITY  DATA 


REVOLUTIONS  (X106) 


FIGURE  75 

GEAR  TEST  SEQUENCE  GH 
FERROGRAPH  DENSITY  DATA 
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FIGURE  C 


1 .  I  m. r . 


GG  4 


FIGURED  1.7  m.r. 


FIGURE  76 

GEAR  TEST  SEQUENCE  GG 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  2  of  5) 
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FIGURE  E  10.0  m.r. 


FIGURE  F  16.1  m.r. 


FIGURE  76 

GEAR  TEST  SEQUENCE  GG 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  3  of  5) 
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FIGURE  I 


55.1  m. r . 


FIGURE  76 

GEAR  TEST  SEQUENCE  GG 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  5  of  5) 
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FIGURE  C  0.5  m.r 


FIGURE  D  1.1  m.r. 

FIGURE  77 

GEAR  TEST  SEQUENCE  GH 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  2  of  6) 
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FIGURE  F 


31.1  m. r . 


FIGURE  77 

GEAR  TEST  SEQUENCE  GH 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  3  of  6) 
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FIGURE  J 


55.1  m. r 


FIGURE  77 

GEAR  TEST  SEQUENCE  GH 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  5  of  6) 
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FIGURE  K 


59.3  m. r. 


FIGURE  77 

GEAR  TEST  SEQUENCE  GH 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
(Sheet  6  of  6) 
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2-  Normal  wear/ fatigue  gear  test  sequences  can  thus  be 
discussed  from  the  aspect  of  wear-in,  normal  wear,  and  wear-out /abnormal  wear. 

As  seen  in  Figures  74  and  75,  wear-in  of  the  test  gears  results  in  a  high  wear 
rate  thus  a  high  level  of  debris  concentration.  This  ’egitne,  as  compared  with 
rolling  element  bearings,  appears  rather  short  lived.  The  difference  between 
the  bearing  and  gear  wear-in  process  timing  is  significant,  however,  relative 
stress  levels  may  be  a  contributing  factor  in  this  difference. 

4.  The  second  regime,  normal  wear,  results  in  a  much  lower 
wear  rate  thus  a  much  lower  sample  debris  concentration  level.  Abnormal  wear, 
the  final  regime,  results  in  an  accelerated  wear  rate  and  thus  an  ever  increas¬ 
ing  level  of  debris.  This  description  was  typical  of  all  normal  wear/fatigue 
group  gear  test  sequences. 

2-  It  can  be  noted  that  during  test  sequence  GH,  mild  fa¬ 
tigue  pitting  was  noted  about  5  million  revolutions  into  the  test  sequence. 

This  pitting  correlates  with  the  increased  debris  level  noted  at  this  test  period 
as  indicated  in  Figure  75.  Also  during  this  sequence,  GH,  oil  was  added  to  the 
system  at  about  30  million  revolutions  into  the  test.  This  oil  addition  cor¬ 
relates  with  the  decrease  in  debris  level  at  this  point  as  indicated  in  Figure 
75.  Finally,  sequence  GH  did  not  result  in  a  severe  wear  failure  and  was  termi¬ 
nated  due  to  time  constraints. 

6.  The  previously  mentioned  fatigue  present  at  5  million 
revolutions  did  not  progress  during  the  remainder  of  the  sequence.  Test  gear 
scuffing  initiated  at  the  1  million  revolution  point  and  progressed  almost  lin¬ 
early  to  the  11%  level  at  test  termination,  60  million  revolutions.  This  lack 
of  severe  wear  situation  accounts  for  the  mild  buildup  of  debris  during  this 
sequence. 


2-  It  can  be  noted  that  during  test  sequence  GG,  a  fatigue 
spall  was  noted  at  the  25  million  revolution  test  point.  This  spall  would  cor¬ 
relate  with  the  increased  debris  level  at  this  point  as  depicted  in  Figure  74. 
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The  celerated  scuff  level,  as  well  as  progressing  fatigue  level,  from  the  40 
million  revolution  point  directly  correlates  to  the  increasing  debris  level  from 
this  point  as  depicted  in  Figure  74.  The  increased  severity  of  this  abnormality 
as  compared  to  sequence  GH  resulted  in  an  increased  debris  over  the  level  ex¬ 
hibited  under  GH. 


8.  The  second  gear  sequence  group  is  depicted  in  Figures 
78  and  79  representing  plots  for  gear  sequences  GD  and  GE.  Figures  78  and  79 
represent  series  of  ferrography  entry  deposit  micrographs  of  the  respective 
sequences.  As  can  be  observed  from  the  plots  and  verified  by  the  micrograph 
sequences,  debris  concentration  levels  progressively  increase  during  the  testing 
format  and  do  not  follow  a  bathtub  curve.  Sequence  GD  and  GE,  as  previously 
discussed,  fall  within  the  gear  test  group  directed  at  scuffing  simulation. 

This  group  of  test  sequences  is  highly  accelerated  testing  and  as  such,  does  not 
exhibit  a  traditional  wear-in  and  normal  wear  regime  as  expected.  As  a  result, 
an  abnormal  wear  regime,  scuffing,  is  apparent  throughout  each  test  sequence. 

9.  As  can  be  noted  from  the  plots  in  Figure  80,  scuffing 
results  in  a  rapid  buildup  of  debris  under  the  test  conditions  utilized.  Re¬ 
sulting  debris  levels  were  significantly  higher  than  the  levels  exhibited  by  the 
fatigue  testing  under  sequence  GH.  These  results  are  typical  of  the  scuffing 
gear  test  sequences  monitored  under  this  effort. 

10.  It  can  be  noted  that  the  lubricant  systems  utilized  in 
the  gear  test  sequences  were  equipped  with  only  a  coarse  filter,  149yum.  As  a 
result,  decreases  in  debris  concentration  levels  must  have  resulted  from  a  com¬ 
bination  of  natural  filtration  and  a  grinding  process.  This  phenomenon  was  also 
observed  during  bearing  testing  as  previously  presented. 

11 .  Tables  31,  32,  and  33  represent  particle  counting  data 
from  sequences  GD,  GH,  and  GG  respectively.  As  can  be  seen,  this  data  is  erra- 
dic  and  does  not  follow  the  wear  debris  trends  as  indicated  by  the  ferrographic 
analysis.  These  variations  are  typical  of  the  gear  test  sequences  and 
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FIGURE  B  0.1  m.r. 


FIGURE  78 
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(Sheet  I  of  A) 


FIGURE  E 


uD  1  1 
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FIGURE  E  0.9  m.r. 
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FIGURE  F  1.2  m.r. 


FIGURE  79 

GEAR  TEST  SEQUENCE  GE 
ENTRY  DEPOSIT 
LOW  MAGNIFICATION 
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FIGURE  H 

FIGURE  79 

GEAR  TEST  SEQUENCE  GF 
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FIGURE  80 
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TABLE  33.  PARTICLE  COUNTS 
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are  concluded  to  be  a  result  of  extraneous  contamination,  the  nature  of  which 
will  be  discussed  under  Particle  Composition,  subsection  (c). 

12.  Although  these  particle  counts  are  suspect,  it  can  be 
noted  that  wear  debris  concentration  levels  for  these  gear  test  sequences  are  of 
the  magnitude  of  10^  per  100  ml  oil  (  >  2  /jn) .  This  level  is  higher  than  the 
debris  concentration  levels  experienced  under  the  bearing  test  sequences;  10^ 
per  100  ml  oil. 


(b)  Particle  Size  Distribution 

The  size  distribution  of  wear  debris  contained  in  lu¬ 
bricant  samples  taken  during  gear  testing  as  with  particle  quantity,  was  pri¬ 
marily  monitored  by  ferrographic  analysis  techniques.  As  described  previously, 
implemented  particle  counting  technique  results  were  suspect. 

2.  Figures  81  and  82  present  plots  of  ferrographic  density 
readings  at  two  different  locations  on  the  ferrogram  for  gear  sequences  GG  and 
GH.  The  entry  deposit  plot  represents  debris  of  a  relatively  large  size  .  >  5Am 
while  the  50  mm  deposit  plot  represents  debris  of  a  relatively  small  size,  2-5 

o.m.  By  comparing  the  relationship  of  these  curves  over  the  gear  life,  one  can 
assess  the  trends  in  debris  size  distribution. 

3.  As  can  be  observed  from  these  plots,  a  relatively  high 
ratio  of  large-to-small  debris  particles  is  present  during  both  the  wear-in  and 
fatigue  wear  regimes,  as  compared  to  t'.ie  normal  wear  regime.  This  indicates 
that  a  significant  portion  of  the  debris  generated  during  wear-in  and  the  fa¬ 
tigue  wear  regime  is  greater  than  5  t*jn  in  major  dimension.  Figures  83  and  84 
represent  high  magnification  micrographs  of  debris  deposits  for  sequences  GG  and 
GH  respectively.  These  micrographs  verify  that  increases  in  debris  concentra¬ 
tion  during  wear-in  and  fatigue  wear  can  mainly  be  attributed  to  the  generation 
of  large  debris. 
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FIGURE  84 

GEAR  TEST  SEQUENCE  GH 
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4.  It  can  also  be  noted  that  the  ratio  of  large-to-smal 1 
particles  for  the  fatigue  wear  regime  is  significantly  higher  than  the  ratio 
exhibited  for  the  wear- in  regime. 

5^  Figures  85  and  86  present  plots  of  ferrographic  densit\ 
readings  at  two  different  locations  on  the  ferrogram  for  gear  sequences  GD  and 
GE  respectively.  By  comparing  the  relationship  of  these  curves  over  the  gear 
life  one  can  assess  the  trends  in  debris  size  distribution. 

6.  As  previously  mentioned  test  sequences  GD  and  GE  fall 
within  the  scuffing  gear  test  group.  These  sequences  were  subjected  to  a  highly 
accelerated  test  and  as  such  did  not  experience  a  traditional  wear-in  and  normal 
wear  pattern.  The  severity  of  the  test  resulted  in  the  progression  of  scuffing 
throughout  the  test.  Contrary  to  previously  cited  abnormal  wear  modes,  it  can 
be  noted  from  these  plots  that  there  exists  a  relatively  high  proportion  of 
small  debris  as  compared  to  large  debris.  This  indicates  that  a  significant 
portion  of  the  debris  generated  during  a  scuffing  wear  regime  is  small  debris, 
less  than  5 yu.m  in  major  dimension.  Scuffing  is  the  first  abnormal  wear  regime 
identified  under  this  program,  that  has  resulted  in  a  shift  in  the  debris  size 
distribution  toward  the  small  debris  region.  Figures  87  and  88  represent  high 
magnification  micrographs  of  debris  deposits  for  sequences  GD  and  GE.  These 
micrographs  verify  that  increases  in  debris  concentration  during  gear  scuffing 
can  mainly  be  attributed  to  the  generation  of  small  debris. 

]m.  Figures  89  and  90  represent  plots  of  average  scuffing 
for  test  sequences  GD  and  GE.  It  can  be  noted  from  these  plots  that  they  can  be 
directly  correlated  with  the  30  mm  deposit  density  plots  presented  in  Figures 
85  and  86. 


8.  Figure  91  represents  a  plot  of  the  average  scuffing  for 
gear  test  sequence  GH.  Although  the  scuffing  level  is  relatively  low  during 
this  test,  the  trend  directly  correlates  with  the  50  mm  deposit  density  plot 
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FIGURE  88 

GEAR  TEST  SEQUENCE  GE 
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FIGURE  88 

GEAR  TEST  SEQUENCE  GE 
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FIGURE  88 
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presented  in  Figure  82.  (With  the  exception  of  the  plot  anomalies  caused  by  the 
fatigue  pit  (15  MR)  and  the  oil  addition  (30  MR).]  This  correlation  further 
reinforces  the  generation  of  small  debris  during  the  scuffing  wear  regime. 

9.  The  above  distribution  observations  were  valid  for  all 
testing  under  both  groups  of  the  gear  test  sequences.  Figure  92  represents  a 
simplistic  presentation  of  this  shift  in  particle  size  distribution. 

10.  Figures  93,  94,  95,  96,  and  97  represent  spectrcmetric 
iron  (Fe)  concentration  plots  for  gear  test  sequences  GA,  GC,  GD,  GE,  GF,  GG, 

GH,  and  Gl.  It  is  apparent  from  these  plots  that  spectrcmetric  oil  analysis  is 
very  effective  in  monitoring  gear  scuffing  and  ineffective  in  monitoring  gear 
pitting.  This  behavior  is  consistent  with  the  argument  that  speetrometric  an¬ 
alysis  is  insensitive  to  large  debris  particles.  Fatigue  pitting  has  been  shown 
to  generate  large  debris  and  thus  falls  outside  the  spectrometers  upper  sensi¬ 
tivity  limit.  Scuffing  has  been  shown  to  generate  small  debris  and  thus  falls 
within  the  spectrometers  sensitivity  limits.  A  detailed  description  of  this 
effect  is  presented  in  Section  VI. 

(c)  Particle  Composition 

JL.  Gear  testing  was  designed  in  such  a  way  as  to  minimize 
lubricant  borne  debris  other  than  that  contributed  by  the  test  gear  set.  As  a 
result,  debris  composition  should  not  play  an  important  role  in  this  debris 
analysis  effort. 

2.  However,  due  to  the  utilization  of  the  ryder  gear  test 
machine  as  the  gear  test  platform,  extraneous  contamination  control  was  diffi¬ 
cult.  Tables  34,  35,  36,  and  37  represent  summaries  of  speetrometric  analysis 
'reading  from  gear  sequences  GDj  GE,  GG,  and  GH.  As  can  be  observed  from  these 
tables,  the  test  systems  exhibited  significant  levels  of  both  silicon  and  titan¬ 
ium.  These  contaminants,  although  having  minimal  effect  on  the  ferrographic 
analysis,  significantly  effected  sample  particle  counting  techniques. 
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TABLE  34.  SPECTROMETRIC  READING,  GEAR  GD 


EVENT 

TIME 

(MIL  REVS) 

PERCENT 

TIME 

FE 

(IRON) 

SI 

(SILICON) 

SN 

(TIN) 

TI 

(TITANIUM) 

MO 

(MOLYBDENUM) 

1 

0.0 

0 

3 

14 

16 

2 

2 

2 

0.1 

7 

4 

6 

15 

2 

2 

3 

0.2 

14 

6 

15 

14 

2 

2 

4 

0.3 

21 

9 

11 

14 

1 

2 

5 

0.4 

28 

7 

9 

15 

2 

2 

6 

0.5 

35 

7 

16 

17 

2 

2 

7 

0.6 

42 

7 

8 

16 

2 

2 

8 

0.7 

50 

8 

8 

15 

2 

2 

9 

0.8 

57 

10 

11 

16 

2 

2 

10 

0.9 

64 

13 

12 

17 

2 

2 

11 

1.0 

71 

18 

13 

15 

2 

2 

12 

1.1 

78 

34 

21 

19 

2 

2 

13 

1.2 

85 

32 

23 

15 

2 

2 

14 

1.3 

92 

43 

26 

15 

2 

2 

15 

1.4 

100 

44 

29 

15 

2 

2 

TABLE 

35.  SPECTROMETRIC 

READING, 

GEAR  GE 

TIME 

PERCENT 

FE 

SI 

SN 

TI 

MO 

EVENT 

(MIL  REVS) 

TIME 

(IRON) 

(SILICON) 

(TIN) 

(TITANIUM) 

(MOLYBDENUM) 

1 

0.0 

0 

2 

8 

6 

2 

0 

2 

0.1 

6 

4 

5 

9 

2 

0 

3 

0.2 

13 

5 

7 

5 

2 

0 

4 

0.3 

20 

5 

11 

7 

2 

0 

5 

0.4 

26 

5 

7 

9 

2 

1 

6 

0.5 

33 

8 

10 

6 

2 

2 

7 

0.6 

40 

6 

9 

11 

3 

1 

8 

0.7 

46 

6 

13 

7 

2 

1 

9 

0.8 

53 

7 

13 

6 

2 

1 

10 

0.9 

60 

6 

13 

7 

3 

l 

11 

1.0 

66 

8 

15 

7 

2 

0 

12 

1.1 

73 

9 

15 

3 

1 

13 

1.2 

80 

9 

23 

7 

2 

1 

14 

1.3 

86 

19 

20 

7 

2 

1 

15 

1.4 

93 

21 

24 

7 

2 

0 

16 

1.5 

100 

177 

30 

8 

3 

0 

vOOOvlO'Ulf'UIOHOvOOOvlOMnt'WMH 
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TABLE  36.  SFECTROMETRIC  READING,  GEAR  GG 


TIME  PERCENT 
EVENT  (MIL  REVS)  TIME 


FE  SI  SN 

(IRON)  (SILICON)  (TIN) 


TI  MO 

(TITANIUM)  (MOLYBDENUM) 


CM  CM  CM 
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(d)  Particle  Morphology 

JL  The  last  factor  to  be  considered  under  gear  testing  weir 
particle  analysis  is  particle  morphology. 

2.  Gear  wear-in  resulted  in  the  generation  of  free  metal 
particles.  These  particles  consisted  primarily  of  rubbing  wear  and  wear-in 
particles.  The  description  of  rubbing  wear  particles,  as  presented  under  the 
ball  bearing  section,  is  applicable  to  this  case,  and  as  a  result  will  not  be 
repeated  here.  Gear  wear-in  debris  results  from  the  presence  of  machined  sur¬ 
face  finishes.  The  break-in  of  these  grooved  surfaces  creates  elongated  free 
metal  particles.  They  generally  exhibit  a  length  to  width  ratio  of  5:1.  Their 
actual  size  and  thickness  is  dependent  on  groove  geometry,  however,  they  gener¬ 
ally  fall  within  the  5-SO^m  range  in  major  dimension.  Typical  gear  wear-in 
debris  paricles  are  presented  in  Figure  98. 

2-  Gear  normal  wear  particulates  are  dominated  by  free 
metal  platelets.  These  platelets  are  mainly  composed  of  rubbing  wear  particles. 
This  particulate  generally  exhibits  a  length  to  width  ratio  of  2:1  and  a  major 
dimension  to  thickness  ratio  of  10:1.  Particle  size,  ranges  up  to  15^m  in 
major  dimension,  however,  the  majority  of  the  particles  are  less  than  2^».m  in 
major  dimension.  The  description  of  rubbing  wear  presented  previously,  is  ap¬ 
plicable  to  this  case  and  can  be  referred  to  for  a  more  detailed  treatment. 

4.  Abnormal  gear  wear  particulates  will  be  covered  from 
both  the  aspects  of  fatigue/pitting  and  scuffing.  Gear  fatigue  spall  particles 
are  smooth  surface  free  metal  particles.  They  exhibit  a  length-to-width  ratio 
of  4:1  and  a  major  dimension  to  thicksness  ratio  of  approximately  5:1.  Particle 
size  ranges  up  to  I50yum  in  major  dimension;  however,  the  majority  fall  within 
the  15-25  yw-m  range. 


particles. 


5.  Figure  99  presents  micrographs  of  typical  gear  fatigue 
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FIGURE  99 

GEAR  FATIGUE  PARTICLES 
(Sheet  2  of  2) 
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6.  Gear  scuffing  particles  are  free  metal  platelets  with 
some  indications  of  surface  oxidation.  They  exhibit  a  major  dimension  to  width 
ratio  of  about  3:1  and  a  major  dimension  to  thickness  ratio  of  approximately 
10:1.  Scuffing  particles  range  in  size  up  to  150/t<m  in  major  dimension,  how¬ 
ever,  the  majority  is  less  than  5^.m  in  major  dimension.  As  a  result  of  the 
thermal  nature  of  gear  scuffing,  quantities  of  oxide  may  be  present  in  the  re¬ 
spective  debris  as  well  as  the  presence  of  partial  particle  surface  oxidation. 
Figure  100  represents  micrographs  of  typical  gear  scuffing  particles. 

1_.  The  particle  morphology  summary  presented  above  is  ty¬ 
pical  for  the  gear  test  sequences  conducted  under  this  program.  Particle  type 
frequency  data  is  presented  for  gear  sequences  GD,  GE,  GG,  and  GH  under  Appen¬ 
dices  J,  K,  L,  and  M  respectively. 

5.  SLIDING  BENCH  TESTING.  Sliding  contact  bench  testing  was  performed  by 
the  Franklin  Institute  Research  Laboratories  (FIRL).  Details  of  this  test  ef¬ 
fort  and  respective  analysis  effort  is  provided  in  the  following  paragraphs. 

a.  Sliding  Contact  Test  Procedure 


(1)  The  fourth  and  last  wear  mechanism  to  be  considered  under  this 
program  is  piston/sylinder  sliding  contact.  Exact  component  configuration  is 
not  as  straight-forward  a  selection  process  as  with  the  previous  mechanisms. 

After  considerable  investigation  it  was  decided  that  an  evaluation  of  sliding 
contact  could  best  be  achieved  by  running  an  engine  under  controlled  laboratory 
conditions.  Selection  considerations  included  (1)  high  temperature,  (2)  type  of 
lubrication,  (3)  effect  of  corrosion  products  from  both  combustion  and  lubricant 
breakdown,  and  (4)  blowby  effects  in  distributing  particles  produced  by  the  wear 
process  as  well  as  contaminants. 

(2)  The  test  engine,  a  Petter  stationary  diesel,  Figure  101,  is  a  4- 
cycle,  air-cooled,  vertical,  one-cylinder  unit.  The  cylinder,  Figure  102,  is  one 
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piece,  cast  iron  wich  fins  and  is  separable  which  makes  for  easy  assembly  and 
disassembly.  The  piston,  Figure  103,  is  made  of  aluminum  with  two  compression 
rings,  the  top  one  being  chrome  plated,  and  one  oil  control  ring  at  the  bottom 
of  the  piston  skirt.  Crankshaft  bearings  are  aluminum-tin  with  steel  backing. 

The  small  end  connecting  rod  bearing  is  bronze  on  a  steel  backing.  Other  com¬ 
ponents  in  the  oil  wetted  system  are  the  rocker  arm  assembly  and  the  cam  shaft 
gearing.  The  engine  has  a  variable  speed  control  governor.  Bore  size  in  3  in. 
and  stroke  is  2. 25  in.  with  a  displacement  of  15.9  cubic  inches.  The  engine  has 
a  5  horsepower  rating  at  3600  rpm.  An  oil  temperature  gage  was  inserted  in  the 
bottom  of  the  oil  sump  for  purposes  of  this  test  sequence. 

(3)  A  hydraulic  system  consisting  of  a  pump,  a  restrictor  valve,  and 
a  reservoir  was  used  to  load  the  engine.  Load  was  changed  by  adjusting  the 
restrictor  valve  and  a  pressure  gage  reading  is  used  to  calculate  horsepower. 

The  pump  is  directly  coupled  to  the  engine  and  operates  at  engine  output  speed 
which  was  obtained  from  an  extension  shaft  mounted  on  the  cam  shaft. 

(4)  The  engine  was  operated  at  constant  speed  and  load  for  this 
program.  It  was  estimated  that  the  pump  required  1.5  HP  from  the  engine  oper¬ 
ating  at  1800  rpm  to  maintain  a  constant  oil  gage  pressure  of  200  psi.  NAVAIRENGCEN 
supplied  the  oil  which  was  specified  as  MXL-L-2104  diesel  engine  lubricating 

oil. 


(5)  Immediately  at  the  end  of  each  run,  an  oil  sample  was  taken  from 
the  middle  of  the  sump  to  avoid  sludge  from  the  bottom  by  means  of  a  large  hypo¬ 
dermic  needle  fastened  to  a  fixed  length  of  copper  tubing.  The  temperature  of 
oil  in  the  sump  was  also  recorded  at  the  same  time.  Some  oil  was  added  periodi¬ 
cally  to  maintain  the  required  level  in  the  engine.  However,  the  amounts  were 
not  sufficient  to  have  caused  significant  dilution  effects.  The  samples  ob¬ 
tained  were  immediately  sealed  in  bottles  and  the  data  recorded. 

(6)  Sample  numbers  were  recorded  using  a  6  digit  numbering  system. 
The  first  two  digits  are  letters;  the  first  being  S  and  the  second  representing 
the  build,  in  this  case  A  is  the  first  build  and  B  the  second.  The  next  four 
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digits  are  nunbers  representing  the  Julian  date.  The  time  at  the  start  of  a 
run,  the  time  of  engine  shutdown  and  the  time  the  oil  sample  was  taken  were  also 
recorded. 


(7)  In  this  test  sequence,  two  techniques  for  analyzing  the  oil  were 
employed.  Standard  spectrometric  oil  analysis  program  procedures  were  applied 
to  part  of  each  sample,  while  a  Ferrogram  slide  was  prepared  from  another  por¬ 
tion  of  each  sample.  The  particulate  matter  on  the  slides  was  analyzed  at  FIRL 
and  NAVAIRENGCEN  in  conjunction  with  SEM  studies  of  the  worn  surfaces. 

(a)  First  Build-SA 

K  The  engine  was  run  for  54  hours  10  minutes  and  this 
included  4  short  runs  and  6  long  runs  in  excess  of  7  hours  each.  Oil  samples 
were  taken  after  each  of  these  runs.  A  standard  comaercial  grade  oil  filter 
(about  40 /un)  was  used  in  the  lubrication  system. 

2.  Increasingly  heavy  blowby  was  observed  throughout  the 
testing  of  this  build,  and  oil  contamination  particle  concentrations  increased 
with  each  successive  spectrometric  analysis.  The  combination  of  these  indicated 
that  considerable  wear  was  sustained  by  the  engine.  Upon  disassembly,  it  was 
determined  that  the  cylinder  bore  was  worn  considerably  and  there  was  a  carbon 
buildup  at  the  upper  end.  The  piston  rings  exhibited  pronounced  wear  bands. 

The  most  damaging  wear  had  occurred  on  the  wrist  pin  bearing. 

(b)  Second  Build-SB 

_1 .  A  new  cylinder,  piston,  piston  rings,  and  connecting  rod 
bearings  were  used  in  the  second  build.  The  cylinder  bore  was  measured  before 
assembly  onto  the  engine.  The  whole  engine  was  thoroughly  cleaned  to  remove 
contaminants,  debris,  and  sludge  from  the  first  build.  Two  flushing  runs  with 
fresh  oil  were  made  to  trap  and  remove  particles  from  the  system.  The  oil  was 
then  changed  and  the  oil  filter  removed. 
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2.  The  engine  ran  for  103  hours  50  minutes  under  constant 
conditions.  Fifteen  oil  samples  were  taken.  As  the  testing  progressed,  there 
was  a  steady  increase  in  blowby  and  also  in  oil  leakage  from  the  bottom  of  the 
cylinder.  There  was  an  increased  concentration  of  impurities  reflected  in  the 
spectrometric  analysis  data;  however,  less  wear  was  indicated  than  in  the  first 
build. 


3.  Upon  disassembly,  a  crack  in  the  bottom  (oil  control) 
piston  ring  was  noted  and  some  wear  was  evident  on  the  cylinder  bore.  The  cylin¬ 
der  bore  was  remeasured  and  Table  38  contains  the  readings  before  and  after  run¬ 
ning.  The  measurements  were  taken  by  rotating  the  cylinder  when  mounted  on  a 
lathe.  A  dial  gauge  set  at  various  axial  locations  inside  the  cylinder,  measured 
deviations  from  a  preset  nominal  value.  Analysis  of  this  cylinder  bore  wear 
data,  indicates  that  on  the  average,  the  bore  diameter  increased  by  .0024”  due 
to  wear  after  103  hours  and  50  minutes  of  constant  speed  and  load  operation. 

The  table  shows  the  deviation  from  nominal  both  before  and  after  running.  The 
locations  denoted  in  inches  from  the  cylinder  head  surface,  encompass  those  por¬ 
tions  of  the  bore  surface  worn  by  the  piston  rings.  The  wear  is  well  below  the 
0.010"  level,  which  the  engine  manufacturer  considers  unacceptable  wear.  The 
variation  in  readings  between  the  two  planes,  indicates  some  distortion  of  the 
cylinder  in  terms  of  end  squareness,  out-of-round  and  taper.  This  does  have  an 
influence  on  wear,  but  in  this  case  did  not  appear  to  have  a  drastic  effect. 

b.  Sliding  Contact  Surface  Monitoring.  The  major  wearing  components  in 
the  engine  were  characterized  with  regard  to  chemical  composition  and  surface 
finish  in  the  scanning  electron  microscope  (SEM)  in  the  unrun  condition.  After 
the  two  runs  were  completed,  surface  conditions  were  again  analyzed  and  the 
results  for  each  of  the  components  are  discussed  in  the  following  paragraphs. 

The  qualitative  chemical  analysis  findings  are  summarized  in  Table  39. 

(1)  Cylinder  Wall 

(a)  New  Cylinder.  The  as-finished,  unrun  cylinder  wall  was 
relatively  rough  with  three  prominent  sets  of  finishing  lines.  One  set  of  lines 
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runs  axially  along  the  wall  while  the  other  two  sets  cut  across  each  ocher  with 
each  isaking  an  angle  of  about  70°  with  the  axial  lines,  as  shown  in  Figure  104. 
The  cross-hatch  lines  are  aore  widely  spaced  and  much  coarser  in  nature  and  they 
have  tongues  of  smeared  metal  aaaociated  with  them. 

(b)  After  Testing.  Following  running,  the  regions  at  che  top 
and  bottom  of  the  piston's  stroke  (actually  the  limit  of  the  rings'  motion)  had 
the  most  pronounced  wear  in  the  form  of  shiny  circumferential  bands  around  the 
cylinder  wall.  Figures  105  and  106.  The  area  between  these  limits  experienced 
less  severe  wear  with  the  cross-hatch  finishing  lines  being  smoothed  over  and 
the  tongues  of  metal  either  worn  off  or  deformed  into  the  low  areas  of  the  sur¬ 
face,  Figure  107.  The  general  nature  of  the  wear  was  the  same  on  both  ms,  but 
based  upon  the  extent  of  the  shiny  areas,  the  total  amount  of  wear  appeared 
greater  in  the  cylinder  from  the  first  run.  Measurements  of  the  cylinder's  bore 
taken  before  and  after  running  in  the  second  run  were  given  in  Table  38. 

(2)  Piston  Rings.  Two  of  the  three  cast  iron  piston  rings  mere 
unplated  while  the  top  compression  ring  had  a  chrome  plating.  All  rings  were 
analyzed  in  the  SEM  at  the  conclusion  of  each  completed  run. 

(a)  Top  Ring.  Figure  108  shows  a  ring  in  the  unused  condition. 
The  circumferential  finishing  lines  are  assumed  to  have  been  on  the  ring  before 
plating  and  it  can  be  seen  that  the  plating  followed  but  did  not  cover  over  or 
fill  in  the  lines.  After  running,  the  top  circumference  of  the  outside  diameter 
of  the  ring  was  worn  smoother  than  the  remainder  of  the  ring.  This  is  shown  in 
the  SEM  micrographs  of  Figure  109.  As  determined  by  x-ray  fluorescent  aaalysis 
in  che  SEM,  in  neither  location  was  all  the  plating  worn  away.  The  top  ring 
from  the  second  run  appeared  essentially  the  same  as  that  from  the  first  run. 

(b)  Middle  Ring.  A  new  middle  ring  has  a  much  coarser  finish 
than  an  unrun  top  ring,  as  is  illustrated  by  comparing  Figure  108  with  Figure 
110.  However,  after  the  first  run,  the  running  wear  pattern  was  similar  to  that 
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SEM  MICROGRAPHS  OF  WEAR  SURFACE  OF  THE  TOP  RING  AFTER  FIRST  RUN 
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on  Che  Cop  ring,  in  ChaC  Che  wear  was  more  pronounced  on  Che  upper  circumference 
of  Che  ouCside  diameter,  as  shown  in  Figure  111*  The  depCh  of  Che  coarse  finish¬ 
ing  grooves  was  accenCuaced  by  Che  wear,  and  Che  feacures  in  Che  deeper  grooves 
in  Figure  111C  and  11  ID  appear  Che  same  as  in  an  unrun  ring.  Figure  110.  AfCer 
Che  second  run  Che  wear  on  Che  middle  ring  was  somewhac  less  Chan  in  che  first 
run,  buC,  except  for  Che  degree  of  wear,  Che  characceriscics  of  Che  surfaces 
were  similar,  including  Che  greaCer  degree  of  wear  ac  Che  Cop  circumference. 

(c)  Bottom  (Oil  Control)  Ring 

_1 .  This  ring,  as  shown  in  Figure  112,  has  two  separate  wear 
surfaces  with  identical  surface  finish.  Figure  113A  and  113B.  After  running  Che 
surfaces  on  both  these  segments  were  similar.  Figure  H4«  The  effects  of  runs  1 
and  2  were  essentially  Che  same.  Also,  a  comparison  between  Figures  114 
111C  shows  thac  Che  wear  on  Che  bottom  ring  was  similar  to  that  on  Che  bottom  of 
Che  middle  ring. 


2.  When  Che  engine  was  disassembled  after  Che  termination 
of  Che  second  run,  a  crack  was  found  on  the  bottom  piston  ring.  Figure  U5. 
Although  it  could  not  be  ascertained  whether  Che  damage  occurred  during  dis¬ 
assembly  it  seems  reasonable  (hat  Che  oil  leakage  problem  and  Che  apparent  in¬ 
crease  in  blowby  were  a  consequence  of  this  failure. 

(3)  Steel  Wrist  Pin 

(a)  New.  AfCer  Che  firsc  run,  Che  steel  wrist  pin  appeared  as 
in  Figure  116.  The  region  in  contact  with  Che  wrist  pin  bearing  is  between  the 
two  forward  circumferential  bands  while  Che  ends  outside  these  bands,  were  in 
contact  with  Che  piston.  The  bands  themselves  did  noC  contact  any  surface  dur¬ 
ing  running  and  thus  represent  the  as-finished  surface.  The  dark  coloration  is 
a  surface  deposit,  in  part,  the  result  of  lubricant  degradation.  Fine  circum¬ 
ferential  finishing  lines  are  present  on  this  unrun  surface,  Figure  117. 
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FIGURE  115 

SEM  MICROGRAPH  OF  A  CRACK  ON  THE  WEAR  SURFACE 
OF  THE  BOTTOM  RING  FROM  THE  SECOND  RUN 
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(b)  Run  A 

_1 .  The  bearing  contact  surface  showed  varying  degrees  of 
wear,  consistent  with  the  wear  on  the  wrist  pin  bearing  to  be  discussed  in  the 
next  section.  In  some  locations  the  surface  had  been  worn  uniformly  smooth, 
Figure  118  while  in  other  areas,  Figure  119  strings  of  small  pits  indicated 
some  corrosion  had  occurred.  The  nature  of  this  corrosion  is  characteristic  of 
the  effects  of  condensation  and  acidity  build  up  in  the  lubricant,  between  mat¬ 
ing  surfaces  during  shut  down  periods. 

2.  There  were  several  patches  or  circumferential  streaks  of 
dark  build  up  material  on  the  bearing  contact  surface.  These  were  visible  to 
the  eye  or  under  a  low  power  light  microscope.  In  the  SEM  they  appeared  as  in 
Figure  120.  X-ray  fluorescent  analysis  in  the  SEM,  showed  these  regions  to  be 
rich  in  copper  and  sulfur,  indicating  they  were  formed  from  wear  products  of  the 
wrist  pin  bearing  in  conjunction  with  the  sulfur  in  the  oil. 

(c)  Run  B.  The  wrist  pin  and  also  the  wrist  pin  bearing  from 
the  second  test  series  showed  less  wear  than  the  components  from  the  first  test. 
As  can  be  seen  in  Figure  121,  what  appear  to  be  finishing  lines  remain  on  the 
bearing  contact  surfaces. 

(4)  Wrist  Fin  Bearing  (Small  End  Connecting  Rod  Bearing) 

(a)  The  contact  surface  of  this  bearing,  which  is  a  copper-tin- 
lead  alloy,  is  illustrated  in  the  as-finished  unrun  condition  in  Figure  122. 
During  the  first  run,  the  spectrometric  data  showed  the  Cu  content  in  the  oil 
was  increasing,  and  thus  this  component  was  assumed  to  be  the  one  that  was  ex¬ 
periencing  degradation.  Examination  after  completion  of  the  test  revealed  that 
extensive  damage  had  occurred,  Figures  123  and  125.  In  fact,  a  major  portion  of 
the  original  surface  had  been  worn  away  and  the  worn  areas  were  black,  indicat¬ 
ing  an  adherence  or  incorporation  of  lubricant  degradation  products  and  the 
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BEARING  CONTACT  SURFACE  OF  THE  WRIST  FIN  OF  FIGURE  119 


BEARING  CONTACT  SURFACE  OF  THE  WRIST  PIN  OF  FIGURE  119 


MICROGRAPHS  OF  THE  SURFACE  OF  AN  UNRUN  WRIST  PIN  BEARING 


AFTER  COMPLETION  OF  THE  FIRST  RUN 


NAEC-92-153 


formation  of  copper-sulfur  compounds.  As  noted  above,  in  the  discussion  of  the 
wear  surface  of  the  wrist  pin  from  the  first  run,  black  streaks  or  bands  rich  in 
copper  and  sulfur  were  present.  This  appears  to  have  been  picked  up  from  the 
bearing,  based  upon  the  similar  nature  of  the  surfaces  in  Figures  12SA  and  12SB. 

(b)  Relatively  little  damage  was  incurred  on  the  bearing  from 
the  second  test  run.  Figures  124  and  126. 

(5)  Crankshaft  Bearing.  The  contact  surface  of  this  bearing  is  an 
aluminum-tin  alloy  which,  in  the  unrun  condition,  has  fine  details  as  shown  in 
Figure  127.  The  wear  on  this  bearing  was  limited  in  both  runs.  Figure  128, 
being  primarily  in  the  form  of  a  smearing  out  or  flattening  of  the  tongues  of 
metal  produced  by  the  finishing  operation.  Relatively  deep  scoring  marks  were 
present  on  the  segments  of  the  crankshaft  bearing  from  the  second  run.  Figure 
129.  Since  the  lines  are  present  completely  around  both  segments  they  appear  to 
be  the  result  of  some  debris  that  may  have  become  lodged  in  the  shaft. 

c.  Sliding  Contact  Wear  Particle  Analysis 

(1)  Hear  debris  analysis  was  performed  cm  respective  sliding  contact 
bench  test  samples  by  FIRL,  Foxboro  Analytical,  and  the  NAVAIRENGCEN .  As  pre¬ 
viously  discussed,  lubricant  samples  were  withdrawn  periodically  from  the  slid¬ 
ing  contact  test  engine.  These  lubricant  samples  served  as  the  host  media  for 
fluid  borne  debris  analysis.  Table  40  summarizes  the  sample  number  and  respec¬ 
tive  operating  times  for  each  sliding  contact  test  sequence. 

(2)  As  in  the  previous  three  analysis  sections,  wear  life  phases 
will  be  evaluated  with  respect  to  wear  debris  characteristics.  However,  a  rele¬ 
vant  sliding  failure  was  not  experienced  during  the  test  sequences. 

(a)  Particle  Quantity 

1^  As  in  the  previous  cases,  the  quantity  of  wear  debris 
contained  in  lubricant  samples  taken  during  sliding  contact  testing,  was  primar¬ 
ily  monitored  utilizing  ferrographic  analysis  techniques.  Particle  counting 
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TABLE  40 

SLIDING  CONTACT  TEST  SEQUENCE  SUMMARY 


FIRST 

ftWt  Code  MIC  Running  CiaiilillM 

Ferrogrem  Time  Runnlnf 

"fMr  .  Tig, 

Mm  Stock  96,  *7*0* 

Ihr,  Odin.  Ihr,  0  Hln. 


*2*1 

71.  *«** 

2 

*5 

3 

*5 

*2*9 

7 

35 

II 

20 

*270 

2 

10 

13 

30 

*273 

*7 

7 

10 

20 

*0 

*27* 

7 

50 

*2$ 

30 

*275 

7 

15 

35 

*5 

*27* 

7 

55 

*3 

*0 

*277 

».  ***J 

7 

35 

51 

IS 

*280 

2 

55 

5* 

10 

StCOMO  RUM 


Meet  root  trie  Results  (p«rt«  Mr  oil  llil 

1*  jr  f>  'C — ir — g* 


3 

3 

1 

1 

1* 

0 

*5 

I* 

5 

75 

30 

2 

58 

17 

7 

122 

3* 

7 

60 

16 

* 

130 

3* 

10 

80 

18 

C 

185 

29 

10 

92 

20 

8 

139 

22 

9 

118 

21 

7 

13* 

21 

9 

123 

25 

8 

127 

2* 

1* 

1*5 

35 

* 

132 

31 

20 

*30* 

*7*0 

*hr 

Run 

In 

(New  Oil)  12 

12 

2 

7 

8  0 

•1 

*305 

*hr 

Run 

In 

(Mew  Oil)  1* 

12 

1 

2* 

9  0 

1 

'1 

*308 

1 

so 

1 

50 

(New  Of  1)18 

13 

2 

29 

8  0 

.] 

*318 

7 

*5 

9 

35 

3* 

1* 

5 

*1 

15  0 

' 

*315 

• 

17 

35 

*2 

15 

7 

*3 

15  0 

*322 

7 

55 

25 

30 

57 

21 

10 

*3 

15  0 

•  1 

*323 

7 

55 

33 

25 

*5 

20 

10 

32 

.4 

*32* 

7 

*5 

*1 

10 

*5 

2* 

12 

*0 

1*  0 

*325 

7 

15 

*8 

25 

*3 

2* 

13 

37 

13  0 

*326 

*673* 

7 

15 

55 

*0 

7* 

2* 

1* 

*2 

13  0 

*  : 

*329 

38.  *759 

8 

15 

63 

55 

77 

25 

1* 

39 

1*  0 

*  ■  v: 

*330 

55 

8 

20 

72 

15 

65 

22 

II 

32 

10  0 

*331 

119 

8 

50 

81 

5 

99 

26 

15 

*3 

1*  0 

*336 

*3 

6 

30 

87 

35 

91 

25 

10 

*0 

II  0 

*337 

23.  *750* 

8 

15 

95 

50 

6* 

21 

7 

26 

8  0 

* 

Four  digit  numbered  Ferrograms  were  prepered  at. an  oil  dilution  of  125:1 
while  Ferrogrem  with  two  end  three  digit  numbers  were  at  10:1  dilution. 

♦  10:1  Dilution 


X  An  eccldentel  oil 
of  tome  freth  oil 


•pill  et  the  end  of  *336  necessitated  the  addition 
et  the  start  of  this  rm. 
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technique  results  were  discounted  as  a  result  of  the  presence  of  non-wear  con¬ 
taminants.  Spectrooetric  analysis  concentration  readings  were  also  discounted 
with  respect  to  particle  quantity  monitoring  as  a  result  of  the  previously  dis¬ 
cussed  size  sensitivity  limitations,  described  in  Section  VI. 

2.  Figure  130  represent  ferrography  entry  deposit  density 
plots  for  both  sliding  contact  test  sequences,  SA  and  SB  respectively.  As  ob¬ 
served  from  sequence  SA,  a  progressive  buildup  of  debris  was  present  throughout 
the  test  sequence.  The  absence  of  an  indication  of  wear-in  during  the  SA  se¬ 
quence  is  unexplained.  Sequence  SB,  reflects  a  fluctuating  debris  level.  This 
sequence  was  run-in  prior  to  this  test;  however,  a  wear-in  process  is  still 
apparent  in  the  initial  operating  period.  Total  debris  levels  for  these  sliding 
sequences  are  greater  than  the  levels  experienced  in  the  bearing  and  gear  se¬ 
quences. 


2-  Frogreasive  increases  in  debris  levels  probably  resulted 
from  high  wear  rates  as  verified  during  disassembly  inspection. 

4.  As  noted  earlier,  a  relevant  wear  failure  did  not  occur 
(not  including  copper  bearing)  during  these  sequences  thus  limiting  the  discus¬ 
sion  of  debris  quantity. 

(b)  Particle  Size  Distribution 

1.  The  size  distribution  of  wear  debris  contained  in  the 
lubricant  samples,  taken  during  sliding  contact  testing,  as  with  particle  quan¬ 
tity,  was  primarily  monitored  by  ferrographic  analysis  techniques. 

2.  Figures  131  and  132  present  ferrographic  density  plots 
at  two  different  locations  for  sequences  SA  and  SB  respectively.  A  comparison 
of  these  two  density  location  curves  reflects  the  size  distribution  trends  ex¬ 
hibited  during  the  sequences.  The  entry  deposit  plot  represents  debris  of  a 
relatively  large  size,  >5 ^»*m;  while  the  50  mm  deposit  plot  represents  debris  of 
a  relatively  small  size,  2-5 
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FIGURE  132 

SLIDING  CONTACT  TEST  SEQUENCE  SB 
FERROGRAPH  DENSITY  DATA 
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As  can  be  observed  from  both  these  plots,  sliding  con¬ 
tact  exhibits  a  relatively  low  ratio  of  large  to  small  debris  particles.  This 
ratio  indicates  that  a  significant  portion  of  the  debris  generated  during  slid¬ 
ing  contact  is  small  debris. 

4.  It  is  also  interesting  to  note  that  on  Figure  132,  se¬ 
quence  SB,  the  curve  for  the  small  debris  is  less  erratic  than  for  the  large 
debris.  Also  on  this  plot,  the  small  debris  curve  actually  intersects  the  large 
debris  curve,  again,  indicating  the  large  amount  of  small  debris  being  gener¬ 
ated.  The  wear-in  portion  of  this  plot  reflects  a  relatively  high  ratio  of 
large  to  small  debris,  as  indicated  throughout  this  testing  program. 

5.  Figure  133  represents  spectrometric  analysis  plots  for 
sequences  SA  and  SB.  The  presented  plots  represent  the  concentration  level  of 
iron  (Fe)  over  the  test  sequences.  These  plots  can  be  correlated  to  the  small 
debris,  50  mm  deposit,  trends  previously  presented.  This  correlation  reinforces 
the  previously  discussed  size  sensitivity  exhibited  by  the  spectrometer. 

6.  Sliding  contact  ferrographic  analysis  resulted  in  co¬ 
deposition  phenomena  along  the  ferrogram  slide.  This  phenomena  complicated,  but 
did  not  jeopardize,  the  dual  plot  assessment  presented  herein.  The  codeposition 
phenomena  is  described  in  the  following  paragraphs. 

a.  During  first  run  SEM  analysis,  it  was  difficult  to 
determine  specific  differences  between  ferrograms  from  any  given  running  period. 
This  was  due  in  part,  to  the  limited  field  examined  at  any  one  location,  when 
viewing  at  a  high  enough  magnification  to  resolve  details  and  also  in  part  to 
the  codeposition  of  particles  with  a  range  of  sizes  at  all  positions  along  the 
slir’e.  Large  ferromagnetic  particles  did  tend  to  be  at  or  near  the  55  mm  posi¬ 
tion  (the  entrance  end  of  the  slide  where  the  particles  which  are  most  attracted 
by  the  magnetic  field  deposit)  but  smaller  particles  occurred  at  all  locations. 
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FIGURE  133 


SLIDING  CONTACT  TEST  SEQUENCES  SA  AND  SB 
SPECTROMETRIC  OIL  ANALYSIS 
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Since  similar  findings  were  made  in  Che  analysis  of  ferrograms  from  Che  second 
run  and  since  Chere  was  less  oil  degradacion  Co  hamper  Che  resoluCion  of  indi¬ 
vidual  parcicles  on  Chese  ferrograms,  SEM  micrographs  from  Che  second  run  fer¬ 
rograms  are  presenced  Co  illusCrace  chis  phenomenon.  In  Che  micrographs  of 
Figures  134,  135,  and  136  of  ferrogram  4673  (4326)  (prepared  ac  an  oil  dilucion 
of  10:1),  Chere  appears  Co  be  essencially  che  same  disCribuCion  of  small  parci¬ 
cles  ac  all  posicions.  Dilucion  of  Che  oil  Co  125:1  reduced  Che  CoCal  number  of 
parcicles  on  a  slide,  buC  did  noc  effecC  a  separaCion  of  parcicles  according  Co 
size.  Findings  were  similar  Co  Chose  on  Che  10:1  dilucion  slide.  An  example  of 
chis  on  ferrogram  4759  (4329)  is  presenced  in  Figure  137. 

(c)  ParCicle  ComposiCion.  As  a  resulc  of  Che  numerous  oil  wet- 
ced  wearing  componenCs  in  Che  Cesc  engine,  debris  composicion  holds  more  signi¬ 
ficance  in  chis  cesc  sequence  Chan  ic  has  in  previous  componenC  CesCing.  Table 
40  summarizes  specCromeCric  analysis  daCa  for  sequences  SA  and  SB.  IC  can  be 
noCed,  chac  besides  Che  elemenC  of  prime  concern,  Fe,  Chere  exisCB  in  Che  lubri- 
canC  sysCem  significanC  concenCracion  levels  of  Al,  Cr,  Cu,  and  Sn.  Debris  made 
up  of  chese  elemencs  was  generated  by  various  wearing  components  within  the  test 
engine.  The  copper  (Cu)  for  instance,  in  sequence  SA,  resulted  from  the  de¬ 
grading  copper  wrist  pin  bearing.  Copper  parcicles  also  were  detected  on  the 
ferrogram  slides  analyzed  under  Chis  series,  Figure  138. 

(d)  Particle  Morphology 

_1.  The  final  factor  Co  be  considered  under  Che  sliding 
contact  wear  parCicle  analysis  is  particle  morphology. 

2.  Sliding  surface  wear-in,  like  gear  wear-in,  results  from 
Che  presence  of  machined  surface  finishes.  The  general  description  of  wear- in 
parcicles  previously  discussed  is  applicable  Co  sliding  contact  and  can  be  re¬ 
ferred  Co  for  a  detailed  description. 
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BE  SOME  FORM  OF  OIL  DEGRADATION  PRODUCT  (ELEMENTS  LOWER  IN  ATOMIC  NUMBER  THAN  Na  CANNOT 
BE  ANALYZED  FOR).  THE  BLOCKY  PARTICLES  WERE  RICH  IN  Cu  AND  SOME  AL  AND  Pb  WAS  ALSO  PRESENT 
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2-  Normal  wear  of  a  sliding  contact  results  in  the  gener¬ 
ation  of  substantial  amounts  of  rubbing  wear  particles.  The  description  of 
rubbing  wear  particles  previously  presented  is  thus  applicable  and  will  not  be 
repeated.  Figure  139  presents  a  micrograph  from  test  sequence  SA,  which  repre¬ 
sents  the  normal  rubbing  wear  particles  generated.  This  debris  is  correlated  to 
the  "new"  (prerun)  surface  of  the  center  piston  ring  from  the  test  engine  pre¬ 
sented  in  Figure  140. 

4.  An  abnormal  sliding  wear  regime  did  not  present  itself 
during  the  test  sequence;  however,  the  following  description  is  presented  based 
on  sliding  contact  monitoring  of  field  equipments. 

3.  Severe  sliding  wear  commences  when  the  wear  surface 
stresses  become  excessive  due  to  load  and/or  speed.  The  shear  mix  layer  then 
becomes  unstable  and  large  particles  break  away,  causing  an  increase  in  the  wear 
rate.  If  the  stresses  applied  to  the  surface  are  increased  further,  a  second 
transition  point  is  reached  when  the  complete  surface  breaks  down  and  a  cata¬ 
strophic  wear  rate  ensues. 

6.  Severe  sliding  wear  particles  range  in  size  from  20^jn 
up  in  major  dimension.  Some  of  these  particles  have  surface  striations  as  a 
result  of  sliding.  They  frequently  have  straight  edges  and  their  major  dimen¬ 
sion  to  thickness  ratio  is  approximately  10:1.  As  the  wear  becomes  more  severe 
within  this  wear  mode,  the  striations  and  straight  edges  on  the  particles  become 
more  prominent. 


_7.  Figure  141  presents  micrographs  of  typical  severe  sliding 
contact  wear  particles. 

D.  WEAR  PARTICLE  ANALYSIS  SUMMARY 

1.  In  order  to  logically  present  this  rather  lengthy  wear  particle  analysis 
effort  the  following  summary  is  presented. 
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TYPICAL  SEVERE  SLIDING  CONTACT 
WEAR  PARTICLES 
( Shee  t  1  o I  2  ) 


ibh 


NAEC-92-153 


2.  Ball  bearings,  roller  bearings,  gears,  and  piston/cylinder  components 
generate  distinct  wear  particles  which  are  a  function  of  component  life  phase 
and  when  applicable,  respective  wear  mode.  Such  particle  characteristics  as 
size,  size  distribution,  quantity,  composition,  and  morphology  serve  to  create 
this  unique  component  signature.  The  following  text  describes  wear  particle 
characteristic  classifications  based  on  program  bench  test  results.  Each  com¬ 
ponent  will  be  described  with  respect  to  wear-in,  normal  wear,  and  the  classical 
abnormal  wear  modes  of  overspeed,  overload,  and  fatigue.  A  general  discussion 
of  the  wear  modes  of  abrasive  contamination  and  oxidative  or  corrosive  environ¬ 
ment  will  follow  the  component  classifications. 

a .  Ball  Bearings 

(1)  Wear  In:  New  ball  bearings  produce  free  metal  particles  and 
oxides.  These  particles  are  usually  platelets  but  random  shapes  are  also  pro¬ 
duced.  A  length  to  width  ratio  of  3:1  and  a  major  dimension  to  thickness  ratio 
of  4:1  is  exhibited  by  the  free  metal  particles.  Oxide  particles,  generally 
black  oxide,  are  more  equiaxial.  The  particles  range  in  size  up  to  50/^un  in 
major  dimension.  As  compared  to  normal  bearing  wear,  a  high  ratio  of  large  to 

lull  particles  exists.  The  quantity  of  particles  present,  is  significantly 
higher  than  the  amount  present  in  a  normal  wear  situation. 

(2)  Normal  Wear:  The  majority  of  normal  wear  ball  bearing  wear 
particles  are  a  combination  of  rubbing  wear  platelets  and  laminar  particles. 

The  platelets  exhibit  a  length  to  width  ratio  of  3:1  and  a  major  dimension  to 
thickness  ratio  of  approximately  10:1.  Platelets  range  in  size  up  to  13^<.m  in 
major  dimension  but  the  majority  are  less  than  Laminar  particles  exhibit 

a  length  to  width  ratio  of  1:1  and  a  major  dimension  to  thickness  ratio  of  ap¬ 
proximately  20:1.  The  laminar  particles  range  in  size  from  10-30  /^m  in  major 
dimension  and  average  1  u _m  in  thickness.  Ball  bearing  bench  tests  exhibited 
total  particle  counts  ( 2  u.m)  on  the  magnitude  of  10^  per  100  cc  in  a  two  gal¬ 
lon  lubrication  system. 
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(3)  Fatigue:  Fatigue  presents  itself  as  the  dominant  ball  bearing 
failure/wear  mode.  Prior  to  fatigue  pitting,  ball  bearings  produce  unique  free 
metal  spherical  particles.  The  exact  mechanism  of  production  of  these  spheres 
has  not,  as  yet,  been  totally  agreed  upon,  however,  their  presence  has  been 
correlated  to  rolling  contact  fatigue.  These  spheres  are  usually  less  than  2/^m 
in  diameter  but  may  reach  a  diameter  of  up  to  10  u&-  Usually  large  laminar 
particles  accompany  the  spherical  particles.  Once  the  ball  bearing  initiates  a 
fatigue  spall,  it  produces  free  metal  platelets.  These  particles  exhibit  smooth 
surfaces  with  a  length  to  width  ratio  of  2:1  and  a  major  dimension  to  thickness 
ratio  of  approximately  4:1.  Particle  major  dimension  can  vary  up  to  150y*m. 

The  majority  of  the  large  particles,  however,  fall  with  the  15-25yA.m  range.  The 
average  ratio  of  large  to  small  particles  for  a  fatigue  spall  is  high.  The 
total  quantity  of  particles  present  is  drastically  increased  over  the  normal 
level. 


program. 


(4)  Excessive  Load:  This  wear  mode  was  not  considered  under  this 


program. 


(5)  Excessive  Speed:  This  wear  mode  was  not  considered  under  this 


b.  Tapered  Roller  Bearings.  As  a  direct  result  of  similar  wear  mech¬ 
anisms  present  in  ball  and  roller  bearings,  wear  particles  produced  by  each 
component  are  very  similar. 

(1)  Wear-In:  Roller  bearing  wear-in  is  very  similar  to  ball  bearing 
wear-in.  The  general  description  of  wear-in  particulates  presented  under  the 
ball  bearing  section  of  this  section  is  thus  applicable  to  roller  bearing  wear 
in  particulates. 

(2)  Normal  Wear:  Normal  wear  roller  bearing  wear  particulates  are  a 
combination  of  rubbing  wear  platelets,  laminar  particles,  and  spiral  shaped 
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particles.  The  platelets  produced  by  roller  bearings  are  similar  to  those  pro¬ 
duced  by  ball  bearings.  They  exhibit  a  length  to  width  ratio  of  2:1  and  a  major 
dimension  to  thickness  ratio  of  approximately  10:1.  These  platelets  range  in 
size  up  to  15yU>*m  in  major  dimension,  but  the  majority  is  less  than  2/t*m.  Rela¬ 
tively  very  few  platelets  are  produced  by  the  bearing.  Laminar  particles  pro¬ 
duced  exhibit  a  length  to  width  ratio  of  1:1  and  a  major  dimension  to  thickness 
ratio 

of  approximately  20:1.  These  particles  range  in  size  up  to  50^A.m  in  major  dimen¬ 
sion  with  a  majority  falling  between  5- 50^* m.  Their  thickness  is  approximately 
lyum.  Spiral  particles  appear  to  be  characteristic  of  roller  bearings  and  are 
not  observed  under  normal  conditions  in  ball  bearing  testing.  These  particles 
are  small  and  are  likely  to  be  produced  by  roller-end- flange  contact.  The  ap¬ 
pearance  of  the  particle  is  very  similar  to  cutting  particles  produced  in  a 
normal  grinding  process,  but  on  a  micro  scale.  The  overall  ratio  of  large  to 
small  particles  exhibited  by  roller  bearings  under  normal  conditions  is  slightly 
higher  than  the  ball  bearing  ratio.  Roller  bearing  bench  tests  exhibited  total 
particle  counts  ( >2 yum)  on  the  magnitude  of  10^  per  100  cc  in  a  two  gallon 
lubrication  system. 

(3)  Fatigue:  Roller  bearing  fatigue  is  very  similar  to  ball  bearing 
fatigue.  The  general  description  of  fatigue  particulates,  presented  under  the 
ball  bearing  section  of  this  summary,  is  thus  applicable  to  roller  bearing  fa¬ 
tigue  particles. 

(4)  Excessive  Load:  This  wear  mode  was  not  considered  under  this 

program. 


(5)  Excessive  Speed:  This  wear  mode  was  not  considered  under  this 

program. 

c.  Gears 


(1)  Wear-In:  Gear  wear-in  results  from  the  presence  of  machined 
surface  finishes.  The  break-in  of  these  grooved  surfaces  creates  elongated  free 
metal  particles.  Wear-in  particles  generally  exhibit  a  length  to  width  ratio  of 
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5:1.  Their  actual  size  and  thickness  is  dependent  on  groove  geometry,  however, 
as  compared  to  normal  wear,  they  exhibit  a  relativly  high  ratio  of  large  to 
small  particles.  The  quantity  of  particles  present  is  higher  than  the  amount 
present  during  normal  wear. 

(2)  Normal  Wear:  The  majority  of  normal  wear  gear  wear  particles 

are  rubbing  wear  platelets  of  free  metal.  They  generally  exhibit  a  length  to 
width  ratio  of  2:1  and  a  major  dimension  to  thickness  ratio  of  10:1.  Particle 
size  ranges  up  to  in  major  dimension,  however,  the  majority  of  particles 

are  less  than  2y^m.  Gear  bench  tests  exhibited  total  particle  counts  (>2<un)  on 
the  magnitude  of  107  per  100  cc. 

(3)  Fatigue/Pitting:  Gear  fatigue  spall  particles  are  smooth  sur¬ 
faced  free  metal  platelets.  They  exhibit  a  length  to  width  ratio  of  4:1  and  a 
major  dimension  to  thickness  ratio  of  approximately  5:1.  Particle  size  ranges 
up  to  150yum  in  major  dimension.  The  majority  of  large  particles,  however,  fall 
into  the  15-25/Um  range.  The  ratio  of  large  particles  to  small  particles  is 
very  high.  The  total  quantity  of  particles  present  is  drastically  increased 
over  the  normal  wear  level. 

(4)  Scuffing:  Excessive  speed  or  load  results  in  gear  tooth  scuff¬ 
ing  or  scoring.  The  wear  particles  produced  are  free  metal  platelets  with  some 
indications  of  surface  oxidation.  The  major  dimension  to  thickness  ratio  is 

t 

about  3:1.  Particles  range  in  size  from  150/^.m  down,  however,  the  majority  is 
less  than  5 y*m  in  major  dimension.  The  ratio  of  large  to  small  particles  is 
low.  The  total  quantity  of  wear  particles  is  significantly  greater  than  in  the 
normal  wear  case. 

d.  Piston/Cylinder.  Sliding  contact  results  in  wear  particles  very 
similar  to  those  produced  under  the  gear  bench  testing.  This  similarity  is  due 
to  similar  wear  mechanisms  present  in  each  component. 
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(1)  Wear-In:  Sliding  surface  wear-in,  like  gear  wear-in,  results 
from  the  presence  of  machined  surface  finishes.  The  general  description  of 
wear-in  particulates  presented  under  the  gear  section  of  this  summary  is  thus 
applicable  to  sliding  surface  wear-in  particulates. 

(2)  Normal  Wear:  Again,  based  on  similar  wear  mechanisms,  the  de¬ 
scription  of  normal  gear  wear  particles  is  applicable  as  a  description  of  normal 
sliding  wear  particulates. 

(3)  Fatigue:  Fatigue  is  not  a  major  abnormal  wear  mode  with  respect 
to  sliding  contact  and  thus  will  not  be  considered  in  this  discussion. 

(4)  Excessive  Load  and  Speed:  Excessive  load  and  speed,  with  re¬ 
spect  to  sliding  contact,  produces  wear  particles  composed  mainly  of  platelets 
of  free  metal.  Their  major  dimension  to  thickness  ratio  is  about  10:1.  Parti¬ 
cle  size  ranges  up  to  1  mm  in  major  dimension,  depending  on  the  degree  of  excess 
load  and  speed.  The  ratio  of  large  to  small  particles  increases  with  stress 
level.  Total  quantity  of  wear  particles  greatly  increases  over  the  normal  wear 
level.  Particle  may  show  signs  of  surface  oxidation  or  "temper"  blueing  in  the 
case  of  speed  and  surface  striations  present  in  an  overload  situation. 

e.  Contaminant  and  Corrosive  Wear  Mode.  In  order  to  complete  the  dis¬ 
cussion  of  wear  particle/wear  mode  correlations,  several  wear  situations  need  to 
be  described  above  and  beyond  those  presented  above.  These  wear  situations  are 
very  prevalent  and  can  be  classified  as  oxidation  or  corrosive  environment  and 
abrasive  contamination.  A  general  discussion  of  these  situations  is  as  follows: 

(1)  Oxidative  or  Corrosive  Environment:  The  susceptibility  of  the 
wear  surfaces  to  oxidation  can  increase  as  a  result  of  several  factors.  In¬ 
cluded  are: 

Inadequate  lubricant  supply 
Temperature  increase 
Deterioration  of  the  lubricant 
Presence  of  water  contamination 
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In  terms  of  wear  debris,  oxidation  can  show  itself  in  three  forms: 

a.  Temper  colors  and  particle  oxidative  attack.  Temper  colors 
are  an  optical  effect  caused  by  oxidation  to  depths  of  about  50  nanometers.  The 
colors  vary  from  straw  brown  through  blue  depending  on  the  exact  depth  of  oxi¬ 
dation.  When  environmental  conditions  become  oxidative,  the  edges  of  particles 
and  any  cracks  in  their  surfaces  are  initially  visible  as  distinct  black  lines 
that  emphasize  the  particle  outline  and  morphology.  Particles  generated  by 
scuffing  or  scoring  of  gears  always  display  these  effects.  Particles  displaying 
the  above  colors  or  dark  edges  are  almost  invariably  caused  by  overheating  of 
the  wear  surfaces.  The  particle  size  also  increases. 

b.  Red  Oxide.  These  particles  are  composed  of  Hematite,  Fe203- 
They  usually  appear  as  red  translucent  polycrystalline  particles  to  a  maximum 

size  of  150  urn.  The  majority  of  particles,  however,  are  20^-m  or  less. 

'  J 

c.  Black  Oxide.  These  particles  are  composed  of  Fe304  and  free 
iron.  Particles  with  any  free  metal  content  being  totally  opaque.  They  appear 
as  black  polycrystalline  particles  or  as  grey  platelets.  It  is  hypothesized 
that  oxidation  of  the  polycrystalline  particles,  occurs  at  the  surface  while  the 
platelets  are  oxidized  subsequent  to  formation.  As  in  the  case  of  red  oxide, 
the  size  variation  is  to  a  maximum  of  150  with  the  majority  being  less  than 
20  ^.m . 


1.  The  generation  of  red  oxide  rather  than  black  signifies  a 
milder  wear  mode.  If  red  oxide  is  the  primary  type  of  debris  generated  by  the 
system,  the  possibility  of  general  rusting  must  be  considered. 

2.  Other  corrosive  wear  modes  may  operate.  For  instance, 
lubricant  from  refrigerant  pumps  has  been  analyzed  where  the  wear  debris  is  pri¬ 
marily  the  halides  of  iron. 
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(2)  Abrasive  Contamination:  Abrasive  contamination  may  be  defined 
in  simple  terms  as  solid  particles  that  are  harder  than  the  wearing  surfaces, 

i.e.,  road  dust.  These  particles  can  cause  abnormal  wear  in  one  of  two  ways: 

(a)  Cutting  Wear.  This  type  of  wear  occurs  when  one  wear  sur¬ 
face  is  significantly  harder  than  the  other,  i.e.,  journal  bearings.  The  hard 
contaminant  particles  are  pressed  by  the  wear  contact  into  the  softer  surface. 
The  soft  surface  then  holds  the  abrasive  particle  in  such  a  way  that  it  behaves 
very  much  like  a  lathe  tool  and  cuts  away  the  harder  wear  surface.  The  gener¬ 
ated  cutting  wear  particles  themselves  look  exactly  like  miniature  pieces  of 
lathe  swarf,  their  length  and  thickness  being  determined  by  the  size  of  con¬ 
taminant  particles  and  the  wear  surfaces  materials. 

1_.  This  type  of  wear  may  also  be  seen  in  the  final  stages 
of  machine  failure  without  the  presence  of  abrasive  particles.  If  a  hard  wear 
surface  has  roughened  for  any  reason,  i.e. ,  fatigue  pitting,  then  the  resulting 
hard  sharp  edges  may  generate  cutting  debris,  i.e.  a  fractured  element  in  a 
rolling  contact  bearing  may  generate  cutting  wear  from  the  softer  separator. 

2.  Dramaticaly  Increased  "Normal  Wear":  When  the  two  wear 
surfaces  are  of  comparable  hardness,  abrasive  contaminants  may  increase  the 
normal  rubbing  wear.  The  abrasive  particles  roll  between  the  two  surfaces  caus¬ 
ing  high  local  stresses  that  generate  large  quantities  of  normal  rubbing  wear. 
Components  that  may  be  affected  in  this  way  are  cylinder  walls  and  pistons  in 
reciprocating  machines,  mating  gear  teeth,  and  cams  and  their  followers.  Al¬ 
though  this  wear  mode  is  not  identifiable  by  the  morphology  of  an  individual 
wear  particle,  the  dramatically  increased  quantities  of  wear  debris  and  the 
presence  of  the  abrasive  particles  is  sufficient  warning.  The  wear  rate  can 
increase  by  a  factor  of  ten  or  more. 

3.  The  particles  described  in  all  the  above  correlations  are  confined  to 
iron  based  alloys.  Other  engineering  alloys  will  generally  produce  particles  of 
similar  morphology  for  comparative  wear  modes.  The  obvious  exception  being  the 
effects  of  oxidative  and  corrosive  environments. 
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4.  Results  and  conclusions  generated  through  component  bench  testing  (La¬ 
boratory  Program  Phase)  are  now  being  verified  by  application  of  analysis  tech¬ 
niques  to  field  equipment  lubricant  samples  (System  Application  Phase).  Twenty 
thousand  of  these  field  samples  have  been  collected  from  such  equipment  as  tur¬ 
bine  engines,  helicopter  gearboxes,  tank  engines,  and  ship  equipment.  Appli¬ 
cation  of  analysis  techniques  to  these  samples,  will  serve  to  verify  wear  par¬ 
ticle  analysis  diagnostic  capability.  Results  of  the  System  Application  Phase 
will  be  published  at  a  future  date. 

VI.  TEST  RAMIFICATIONS 


A.  GENERAL.  During  the  conductance  of  the  laboratory  study  several  significant 
test  ramifications  were  identified.  These  ramifications,  although  alluded  to  in 
the  previous  section,  warrant  further  discussion.  Ramifications  include  the 
following: 


Fluid  Sampling 

-  Wear  Process 

-  Contamination/Filtration 

-  Lubricant  Antiwear  Properties 

-  Spectrometric  Oil  Analysis 

-  Analytical  Ferrography 

-  Interrupted  Testing 

-  Improved  Oil  Analysis 


B.  FLUID  SAMPLING 

1.  In  order  to  establish  the  operating  conditions  and  health  of  machines  by 
analysis  of  the  particulate  matter  in  their  lubricating  fluid,  it  is  essential 
that  the  lubricant  sample  contain  a  representative  selection  of  particles.  Sine 
the  particulate  matter  exists  as  a  separate  phase  in  the  fluid,  it  cannot  be 
assumed  that  a  uniform  distribution  exists  throughout  the  oil  at  all  times  and 
locations.  Consequently,  careful  attention  must  be  given  to  the  method  of  lu¬ 
bricant  sampling. 
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2.  There  are  basically  two  types  of  lubricant  sampling  approaches:  in-line 
and  extracted.  The  in-line  technique  involves  rial  time  analysis  of  the  oil 
during  its  circulation  through  the  lubricant  system.  Currently,  the  in-line 
technique  development  is  still  in  its  infancy.  Such  areas  as  location,  flow, 
pressure,  sensitivity,  and  vibration  are  critical  with  respect  to  in-line  ap¬ 
plications. 

3.  The  second  type  of  sampling  technique  is  that  of  extraction  which  in¬ 
volves  obtaining  a  representative  volume  of  oil  from  the  system  for  analysis  at 
a  remote  location.  This  type  of  sampling  is  presently  the  predominent  technique 
and  will  thus  receive  major  emphasis  in  the  following  text. 

4.  During  normal  operation  of  lubrication  and  hydraulic  systems,  the  wear 
particle  concentration  in  the  fluid  approaches/achieves  an  equilibrium  level  for 
each  given  set  of  operational  parameters.  Since  wear  debris  is  continually 
generated  in  any  operational  mechanical  system,  the  achievement  of  an  equilib¬ 
rium  level  implies  that  particles  are  removed  from  the  fluid  at  the  same  rate  as 
they  are  generated.  Known  and  suspected  particle  loss  mechanisms  include: 

a.  Filtration 

b.  Settling 

c.  Adhering  to  solid  surfaces 

d.  Breakdown  during  repeated  passage  through  wear  contacts 

i.  Oxidation 

f.  Chemical  attack 

g.  Oil  loss 

5.  Having  established  that  both  particle  generation  and  loss  mechanisms 
affect  the  particle  equilibrium  level  in  fluids,  the  following  guidelines  should 
be  used  when  specifying  sampling  procedures: 

a.  Samples  should  be  taken  from  a  single  representative  location  in  a 
system.  The  different  parts  of  any  one  system  may  have  different  particle  con¬ 
centrations,  e.g.,  before  and  after  a  filter. 
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b.  The  lubricant  sample  should  be  taken  during  equipment  operation 
(after  a  "warm-up"  period)  or  shortly  after  shutdown.  A  sample  should  never  be 
taken  more  than  one  hour  after  shutdown  because  of  the  possibility  of  losing 
large  particles.  These  measures  serve  to  minimize  the  settling  effect  of  par¬ 
ticles  in  the  lubricant. 

c.  If  samples  are  to  be  taken  while  a  system  is  operating,  it  is  de¬ 
sirable  to  do  so  during  specific  operating  conditions.  It  has  been  observed 
that  the  particle  concentration  in  the  lubricating  oil  of  gas  turbines  for  ex¬ 
ample,  varies  significantly  between  high  and  low  power  settings. 

d.  If  samples  are  to  be  taken  after  machine  shutdown,  the  effect  of 
particle  settling  rates  and  the  location  of  the  sampling  point  must  be  considered. 

e.  A  further  consideration  is  the  effects  of  an  oil  change.  Since  a 
complete  lubricant  change  removes  the  majority  of  particles  from  the  system,  the 
operational  period  necessary  to  return  to  normal  equilibrium  must  be  considered. 
Following  a  lubricant  change,  the  quantity  of  wear  debris  in  the  oil  will  in¬ 
crease  with  operating  time  until  an  equilibrium  level  is  reached.  Each  machine 
will  have  a  characteristic  operating  time  necessary  to  return  to  its  normal 
equilibrium  level. 

f.  Lubricant  samples  are  withdrawn  from  a  system  by  one  of  four  basic 
techniques:  filler  sampling,  drain  sampling,  valve  sampling,  and  pipe  sampling. 
For  the  sake  of  continuity,  samples  should  be  withdrawn  utilizing  the  same  tech¬ 
nique  and  location  throughout  an  equipment  monitoring  effort.  The  sample  volume 
should  never  exceed  80%  of  the  total  sample  container  volume. 

(1)  Filler  Sampling  -  This  technique  involves  inserting  a  sampling 
tube  into  the  lubricant  from  the  top  of  the  sump.  The  tube  should  be  extended 
into  the  lubricant  a  distance  of  at  least  half  of  the  sump  lubricant  depth,  but 
no  more  than  one  inch  from  the  sump  bottom.  This  location  insures  a  representa¬ 
tive  sample,  and  eliminates  sampling  sludge  from  the  sump  bottom.  One  inserted, 
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Che  lower  end  of  Che  Cube  should  be  allowed  Co  fill  wich  lubricanC.  Upon  fill¬ 
ing,  Che  upper  Cube  end  should  be  closed  in  order  Co  hold  Che  lubricanC,  and  Che 
Cube  wichdrawn.  The  resulcing  Crapped  lubricanC  can  Chen  be  drained  inco  Che 
sample  boCCle.  This  procedure  should  be  repeaCed  until  a  desired  sample  volume 
is  collecCed.  PlasCic  or  glass  sampling  Cubes  can  be  used  according  Co  Che 
application.  Sampling  Cube  cleanliness  is  essential  and  should  be  checked  be¬ 
fore  each  sample  is  taken.  If  visually  contaminated,  Che  sampling  Cube  should 
be  flushed  wich  filtered  freon  until  Che  contamination  is  removed.  Cap  Che 
sample  boCtle  immediately  after  sampling. 

(2)  Drain  Sampling  -  This  Cechnique  involves  obtaining  a  sample  from 
Che  botCom  of  Che  lubricanC  sump.  When  Che  sample  is  removed  from  Che  bottom  of 
a  sump  there  is  the  probability  of  obtaining  a  high  particulate  volume  as  a 
result  of  sedimentation.  The  drain  outlet  in  the  sump  should  be  opened  and  the 
lubricant  should  be  allowed  to  flow  out  (approximately  1/2  pint)  in  order  to 
wash  out  any  accumulated  sediment.  Once  this  wash  out  procedure  has  been  accomp¬ 
lished,  a  sample  bottle  can  be  filled  from  the  drain  flow.  Upon  filling  the 
bottle,  the  drain  should  be  reclosed.  Cap  the  sample  bottle  immediately  after 
sampl ing . 


(3)  Valve  Sampling  -  This  technique  involves  the  utilization  of  a 
permanently  installed  sampling  valve.  When  using  this  technique,  enough  lubri¬ 
cant  must  be  drained  from  the  valve  before  sampling  to  thoroughly  flush  the 
sampling  line.  This  flush  volume  will  vary  with  respect  to  the  sampling  port 
design.  As  a  general  guide  the  dead  volume  of  lubricant  in  the  sample  system 
should  be  estimated,  and  approximately  twice  that  volume  extracted  before  the 
actual  sample  is  taken.  Upon  completion  of  the  sampling  process,  immediately 
close  the  sampling  valve  and  cap  Che  sample  boCtle. 

(4)  Pipe  Sampling  -  The  sampling  technique  which  gives  the  most 
representative  sample  is  one  in  which  the  sample  is  taken  from  an  oil  carrying 
pipe,  scavenged  from  the  wearing  parts  and  prior  to  filtering.  Clearly,  it  is 
necessary  for  the  machine  Co  be  operational  to  do  this.  Care  must  also  be  taken 
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Chat  the  sample  is  representative  of  the  complete  system,  i.e.,  that  the  scav¬ 
enged  oil  has  passed  through  all  the  wearing  parts.  If  the  pipe  is  large  and 
the  flow  velocity  is  low,  sampling  from  the  bottom  of  the  pipe  should  be  avoided. 

g.  The  top  of  each  sample  bottle  should  be  securely  tightened  and  sealed 
with  teflon  tape  to  prevent  loosening  and  leakage.  Bottles  should  be  plainly 
labeled  for  correlation  with  respective  data  sheets.  Care  should  be  taken  in 
bottle  packaging  in  order  to  prevent  breakage  during  shipment  to  the  analysis 
facility.  Data  sheets  should  be  shipped  with  samples  in  a  waterproof  pouch  to 
protect  them  from  possible  lubricant  spills  and  leakage. 

h.  Required  sample  volume  will  vary  as  a  function  of  desired  analysis 
techniques.  In  order  to  perform  a  thorough  analysis  using  existing  techniques, 
a  volume  of  100  ml  should  be  withdrawn  from  the  system.  For  a  truncated  analy¬ 
sis,  less  of  a  volume  is  required,  however,  the  volume  should  never  be  less  than 
15  ml.  The  withdrawn  sample  volume  should  be  immediately  replaced  by  an  equal 
volume  of  clean  compatible  lubricant  when  it  depletes  the  total  system  volume 
below  specified  safe  limits. 

6.  SAMPLING  CONTAINERS 


a.  If  the  oil  samples  are  to  be  analyzed  for  particle  content,  the  use 
of  plastic  bottles  should  be  avoided.  Plastic  materials  in  contact  with  oils, 
particularly  the  polyester  oils,  may  contribute  particles  of  plastic,  gels,  and 
corrosive  liquids.  For  example,  the  plasticizer  in  polyvinyl  chloride  tubing 
may  leach  out  and  cause  corrosion  of  metal  wear  particles.  Further,  a  gel-like 
compound  is  generated  which  gathers  in  wear  particles  to  create  agglomerates 
which  float  in  the  oil.  The  most  prevelant  difficulty  with  plastic  bottles  is 
that  they  may  become  sticky  and  hold  the  wear  particles  on  their  inner  surface 
so  that  the  oil  sample  is  no  longer  representative  after  storage  in  the  bottle. 
Metal  containers  can  be  used  but  there  is  danger  that  particles  from  the  can, 
particularly  particles  of  metal  plating,  may  be  confused  with  wear  particles. 

It  is  best  to  use  glass. 
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b.  It  is  recommended  Chet  the  sample  bottle  hold  at  least  15  ml  and  be 
made  of  clear  glass  with  flat  sides.  The  advantage  of  clear  glass  and  flat 
sides  is  that  the  sample  may  be  visually  examined.  Visual  examination  can  yield 
important  information  concerning: 

(1)  Color  -  Oxidation  due  to  overheating,  or  lubricant  degradation 
generally  darkens  an  oil. 

(2)  Sludge  -  The  degree  of  sludge  formation  after  sample  storage. 

(3)  Severe  Wear  -  Very  severe  wear  cases  frequently  result  in  large 
individual  wear  particles  that  may  be  seen  in  the  oil. 

(4)  Foreign  Liquids  -  The  detection  of  foreign  liquids  in  the  oil. 
For  example,  in  one  case  a  large  fraction  of  the  liquid  was  found  to  be  a  de¬ 
tergent  that  was  heavier  than  the  oil. 

These  conditions  may  be  missed  if  the  bottles  are  cylindrical  and  made  of  dark 
glass. 


c.  Glass  bottles  are  often  fitted  with  plastic  screw-on  caps.  These 
caps  have  liners  which  are  designed  to  provide  a  sealing  surface  against  the  lip 
of  the  bottle.  Many  cap  designs  employ  fibrous  backing  material  with  a  thin 
plastic  coating  on  the  surface.  The  polyester  oils  will  often  attack  the  coat¬ 
ing  and  release  sticky  material  and  fibrous  particles  into  the  oil  samples. 

Also,  the  papers  used  contain  clay  particles  which  may  contaminate  the  sample. 
Although  such  particles  are  easily  distinguished  from  wear  particles,  they  mv 
distort  information  on  the  solid  contamination  level  of  the  oil  sample. 

d.  Teflon  cap  liners  have  solved  these  problems.  Teflon. 
creep  under  the  compressive  stress  of  the  seal  and  the  cap  may  loo-.*-n 
quently,  if  the  sample  is  to  be  shipped  or  stored,  it  is  advisab'.* 
cap  using  shrink  sleeving  or  teflon  tape  . 
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e.  A  standard  SOAP  sampling  bottle  is  recommended  for  use  as  a  suitable 
container.  If  a  cleaned  bottle  is  not  available,  bottle  cleaning  can  be  accomp¬ 
lished  by  the  following  steps:  wash,  rinse,  wash,  dry,  and  cap  (i.e.,  SOAP 
bottle  with  acceptable  cap  seal.) 

7.  SAMPLE  STORAGE.  In  order  to  insure  viable  Oil  Analysis  Program  test 
results,  representative  oil  specimens  must  be  analyzed  from  respective  test 
systems.  These  samples,  when  subjected  to  analytical  techniques,  after  various 
storage  periods,  must  remain  representative  of  the  test  system  lubricant.  Under 
the  Oil  Analysis  Program,  a  study  was  initiated  to  investigate  the  storage  char¬ 
acteristics  of  oil  samples.  The  following  findings,  some  still  not  fully  ex¬ 
plained,  were  uncovered: 

a.  Different  lubricants  exhibit  significantly  different  abilities  to 
retain  particles  in  suspension.  Although  lubricants  exhibit  similar  viscosi¬ 
ties,  they  do  not  necessarily  exhibit  similar  settling  rates  as  illustrated  in 
Figure  142.  The  54  mm  labelled  plots  on  this  graph  represent  sinking  rates  of 
particles  in  the  5-7 ^mo  size  range,  while  the  plots  labelled  50  mm  represent 
sinking  rates  of  particles  in  the  2-5/Om  range.  The  lubricants  reflected  in 
Figure  142  have  identical  viscosities. 

b.  The  particle  agglomeration  characteristics  of  different  lubricants 
exhibit  substantial  variation. 

c.  The  longer  an  oil  specimen  is  stored,  the  more  difficult  it  is  to 
redisperse  the  contained  particles. 

d.  If  a  sample  is  to  be  stored  for  an  extended  period  (more  than  one 
week),  proper  storage  procedures  must  be  followed.  The  sample  should  be  stored 
in  a  cold  environment  (approximately  -20°F).  Low  temperatures  will  serve  to 
retard  any  chemical  reactions  that  may  occur  in  the  lubricant  sample. 
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8.  SAMPLE  DISPERSION 

a.  Very  little  difficulty  is  experienced  with  the  handling  and  storage 
of  oil  samples,  providing  the  sample  bottle  is  well  designed.  However,  it  is 
important  that  the  particles  be  totally  dispersed  before  any  of  the  oil  from  the 
sample  bottle  is  analyzed.  Otherwise,  the  withdrawn  oil  will  not  have  the  same 
particle  distribution  as  when  it  is  subjected  to  analysis. 

b.  Particles  tend  to  stick  to  the  bottom  and  sides  of  the  sample  bottle 
if  the  oil  is  stored  for  more  than  one  or  two  days.  It  has  been  found  that 
heating  the  bottle  of  oil  to  6S°C  (150°F)  followed  by  vigorous  shaking  by  hand, 
disperses  the  particles  adequately.  Severe  machine  shaking  at  room  temperature 
is  not  as  effective.  It  is  hypothesized  that  waxes  and  gels  are  formed  on  the 
bottle's  surfaces  and  that  the  particles  become  entrapped.  Sample  heating  tends 
to  disperse  these  waxes  and  gels. 

9.  SAMPLING  INTERVAL 


a.  The  sampling  interval  will  be  a  function  of  monitored  equipment 
type,  respective  operating  parameters,  and  how  important  early  warning  is  to  the 
user.  These  factors  should  be  analyzed  in  each  monitoring  case  and  an  applicable 
sample  interval  be  defined. 

b.  Experience  has  shown  that  in  a  large  percentage  of  failures,  evidence 
of  an  abnormality  existed  at  or  close  to  the  inception  of  the  machine's  running. 
In  other  words,  the  machine  was  defective  from  the  start.  The  reasons  for  this 
are  obvious.  Many  failures  are  the  result  of  improper  assembly,  poor  design,  a 
defective  part  or  defective  material.  Such  difficulties  exist  at  the  inception 
and  usually  give  evidence  of  their  presence. 

c.  The  exceptions  are  mishandling  of  the  machine  such  as  over  tempera¬ 
ture,  speed  or  load,  shock,  etc.,  and  contamination,  such  as  the  failure  of  an 
air  filter.  However,  many  of  these  events  are  detectable  directly  by  the  user 
or  by  the  oil  analysis;  for  example,  sand  in  the  oil. 
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d.  Fatigue  phenomena,  the  loosening  of  fasteners,  etc.,  may  not  reveal 
itself  at  the  inception. 

e.  If  a  system  is  new  or  has  just  been  overhauled,  it  is  desirable  to 
sample  the  system  every  few  hours  to  ensure  a  normal  break-in  and  to  detect  an 
inherent  problem. 

f.  Once  a  normal  break-in  has  been  established,  depending  upon  the 
degree  of  reliability  of  failure  prediction  required,  Che  sampling  interval  can 
be  extended.  The  following  sampling  periods  are  suggested  as  a  guideline  for 
various  systems. 


Aircraft  Gas  Turbine 
Airborne  Hydraulic  Systems 
Diesel  Engines 
Heavy  Transmissions 
Surface  Hydraulic  Systems 


HOURS 
10  -  200 
20  -  200 
100  -  500 
100  -  500 
50  -  500 


10.  EXTRANEOUS  CONTAMINATION.  Two  main  sources  of  possible  contamination 
not  previously  mentioned,  are  lubricant  contamination  and  residual  contamina¬ 
tion.  Each  of  these  sources  can  seriously  affect  wear  particle  analysis  and  as 
such,  their  effect  must  be  minimised. 


a.  Lubricant  Contamination.  This  type  of  contamination  is  introduced 
into  a  system  by  the  lubricant  itself.  Samples  submitted  should  be  accompanied 
by  an  unused  lubricant  sample,  obtained  from  the  same  lubricant  batch  as  that 
used  in  the  equipment.  This  sample  will  be  utilized  to  establish  a  baseline 
level  of  contamination  contributed  by  the  lubricant.  This  baseline  should  be 
taken  into  consideration  during  the  analysis  process. 

b.  Residual  Contamination.  This  type  of  contamination  is  introduced 
into  the  system  by  initial  assembly  of  the  equipment  or  by  maintenance  actions 
performed  on  the  equipment.  In  the  case  of  program  test  equipment,  residual/ 
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cross-contamination  could  carry  over  from  previous  test  runs.  This  residual 
contamination  effect  can  be  minimized  by  proper  flushing  of  the  lubrication 
system  before  initial  startup,  after  pertinent  maintenance  actions,  and  between 
selective  test  runs.  Three  flushes  using  clean  lubricant,  or  a  combination  of 
appropriate  solvents  and  clean  lubricant  are  normally  sufficient  to  purge  a  lu¬ 
bricant  system  of  the  major  portion  of  residual  contamination. 

11.  FACTORS  INFLUENCING  OPERATIONAL  TIME  TO  EQUILIBRIUM 

a.  Since  an  individual  particle  life  expectancy  does  not  vary  greatly 
with  the  actual  particle  concentration  (agglomeration  and  its  subsequent  effects 
on  settling  and  filtration  efficiency  being  a  possible  exception),  it  follows 
that  the  particle  loss  rate  is  the  primary  dictator  of  the  time  required  to 
reach  a  debris  equilibrium  level,  while  the  combination  of  particle  generation 
rate  and  particle  life  expectancy  dictates  the  actual  particle  concentration 
level  achieved  at  equilibrium. 

b.  Factors  which  influence  the  operational  time  to  equilibrium  are: 

(1)  Filtration  -  A  prime  factor  is  the  number  of  times  a  particle  of 
a  given  size  and  material  may,  on  the  average,  pass  through  the  filter.  The 
better  the  filter  the  shorter  the  time  to  equilibrium. 

(2)  The  Oil  Pumping  Rate  -  The  oil  cycle  pumping  rate  is  expressed 
in  volume  per  unit  time  divided  by  the  volume  of  lubricant  in  the  system.  On 
some  systems  the  volume  of  oil  is  circulated  as  much  as  five  times  per  minute 
while  on  others  rates  of  once  per  hour  or  longer  may  be  normal.  This  factor 
applies  to  losses  in  the  filter,  and  to  breakdown  of  Che  particles  during  re¬ 
peated  passage  through  the  wear  contacts. 

(3)  Dispersive  Qualities  of  the  Lubricant  -  In  systems  where  Che 
fluid  contains  detergent  additives,  these  additives  prevent  agglomeration  of 
the  particles  and  also  discourage  their  adhering  to  surfaces,  thus  increasing 
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their  life  expectancy.  Diesel  engine  lubricants  usually  contain  such  additives 
to  prevent  the  deposits  on  cylinder  walls. 

(4)  Locations  of  Slow  Moving  Oil  -  If  there  are  locations  within  a 
system  where  the  oil  moves  slowly,  the  particles  may  settle  out  or  adhere  to  the 
localised  surfaces.  The  bottom  of  sumps,  oil  tanks,  etc.,  are  examples  of  these 
locations. 

(5)  Other  Factors  -  Other  factors  which  affect  time  to  equilibrium 
are  oxidation  of  particles,  chemical  attack  on  particles,  and  system  oil  loss. 

12.  SAMPLE  DATA.  In  order  to  thoroughly  and  effectively  perform  an  analy¬ 
sis  on  a  lubricant  sample,  a  comprehensive  set  of  background  information  must  be 
submitted  with  the  sample.  The  following  information  is  required: 

a.  Activity 


Address 

Code 

Contact  Personnel  (Responsible  Party,  Sampler,  Phone 
Number) 


uipment 


Type  (component) 

Model 

End  Item 

Serial  Number 

Operating  Parameters 

Operating  Environment 

Wear  Components  (lubricated) 

Wear  Materials  (versus  wear  components) 
Time  on  Equipment  (mileage) 

Time  Since  Overhaul 
Recent  Maintenance  Actions 
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e.  Lubricant 
Type 

Specification 
Capac ity 
Additives 

Time  Since  Filter  Change 

Time  Since  Lubricant  Change 

Lubricant  Added  Since  Change/Time 

Filter  Size  (Normal  Rating  and  Absolute  Rating) 

Filter  Type 

d.  Sample 

Date/Time 

Number 

Technique 

Location  with  Respect  to  Filter 
Sample  Frequency 
Time  After  Shutdown 

e.  Observations/Comments . 

A  detailed  approach  to  lubricant  sampling  is  included  as  Appendix  0 
of  this  report. 

C.  WEAR  PROCESS. 

1.  GENERAL 


a.  Analysis  has  verified  that  component  wear  life  can  be  classified  in 
three  distinct  phases:  wear- in/break- in,  normal  wear,  and  wear  out/abnormal 
wear.  However,  all  components  do  not  necessarily  transition  through  all  three 

phases . 
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2.  WEAR- IN /BREAK- IN 


a.  The  wear- in/break-in  phase  involves  the  period  of  transition  of  the 
"as  finished”  surface  to  a  smooth  low  wearing  surface  of  a  wear  component.  Dur¬ 
ing  this  phase  the  ridges  of  the  original  component  ground  or  machined  surfaces 
are  flattened  and  form  cornices  along  the  ridge  peaks.  These  cornices  subse¬ 
quently  break  away.  Mechanical  work  at  the  wear  surface  breaks  down  the  crys¬ 
talline  structure  of  the  metal,  resulting  in  a  thin  layer  of  short  range  crys¬ 
talline  order  with  about  a  !/**«  thickness  for  steel.  During  its  formation,  the 
layer  exhibits  super  ductility  and  may  flow  along  the  surface  a  distance  several 
hundred  times  its  thickness.  Its  ability  to  flow  results  in  a  very  smooth  wear 
track. 


b.  In  some  cases  this  wear-in  process  accelerates  and  directly  enters 
into  an  abnormal  wear  mode  (i.e.,  infant  mortality).  This  phenomenon!  results 
from  factors  such  as  severe  surface  damage  caused  by  the  manufacturing  process, 
or  component  handling/ installation,  as  well  as  severe  subsurface  defects.  Other 
factors  greatly  influencing  this  wear-in  phase  are  design/ operating  criteria, 
lubrication,  and  contamination  (see  "Contamination/Filtration").  The  wear-in 
process  is  a  critical  interaction  that  greatly  influences  future  component  wear 
rate/life. 

3 .  NORMAL  WEAR 


a.  When  a  stable  wear  surface  is  formed  the  component  enters  into  the 
normal  wear  phase.  An  equilibrium  developes  between  wear  particle  removal  rate 
and  wear  surface  regeneration  rate.  The  wear  rate  in  this  phase  is  primarily  a 
function  of  the  degree  of  intersurface  activity. 

b.  Although  this  phase  is  considered  normal,  over  a  period  of  time 
enough  material  could  be  removed  from  the  surface  to  increase  tolerances  beyond 
efficient  operating  limits,  and  thus  result  in  the  necessity  for  some  form  of 
appropriate  maintenance. 
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c.  Excessive  quantities  of  contamination,  such  as  sand  in  a  lubrication 
system,  can  substantially  increase  the  wear  generation  rate  without  completely 
removing  the  wear  surface.  Although  catastrophic  failure  is  unlikely,  such 
systems  can  wear  beyond  efficient  tolerances  quite  rapidly. 

4.  WEAR  OUT/ABNORMAL  WEAR 


a.  A  component  enters  an  abnormal  wear  phase  when  the  equilibrium  con¬ 
dition  of  the  normal  phase  is  upset.  This  equilibrium  is  disrupted  by  an  in¬ 
crease  in  wear  surface  removal  rate,  to  a  condition  where  the  layer  is  removed 
faster  than  it  is  generated. 

b.  There  exists  several  competing  wear  modes  in  a  system  which  could 
drive  it  individually  or  collectively  into  an  abnormal  wear  situation.  Pre¬ 
dominant  wear  modes  can  idealistically  be  classified  as  overload,  overspeed,  and 
fatigue.  A  more  practical  classification  considers  such  prevalent  wear  modes  as 
misassembly,  lubricant  starvation,  overheating,  abrasive  contamination,  and 
corrosive  contamination.  In  reality  an  abnormal  wear  situation  will  include  two 
or  more  of  these  wear  modes.  An  example  of  this  is  a  component  subjected  to 
lubricant  starvation.  This  component  will  encounter  both  surface  overload  and  a 
more  oxidative  environment. 

c.  Abnormal  wear  situations,  in  most  cases,  result  in  accelerated  de¬ 
terioration  of  lubricated  wear  surfaces.  If  unchecked  this  deterioration  will 
lead  to  unacceptable  system  operation,  and  in  some  cases  catastrophic  failure  of 
the  wearing  component  as  well  as  secondary  damage. 

d.  This  abnormal  wear  process,  in  some  cases,  is  preventable/reversible 
if  detected  at  an  early  stage.  A  system  can  be  brought  back  into  a  normal  oper¬ 
ating  wear  phase/state  through  institution  of  required  preventive  maintenance. 

An  example  of  this,  would  be  the  detection  of  high  particulate  contamination  in 
a  lubricant  system.  Extensive  damage  can  be  avoided  by  draining  the  fluid  and 
flushing  the  system  and  replacing  it  with  clean  lubricant  and  a  clean  filter. 


5.  The  above  three  phases  serve  to  classify  the  wear  states  of  all  lubri¬ 
cated  components.  It  is  necessary  for  any  oil  analysis  technique  to  be  able  to 
determine  which  wear  phase  a  component  is  operating  in  at  any  particular  time. 
Corrective  action  would  only  be  required  under  phase  three,  abnormal  wear,  since 
the  wear  in  and  normal  wear  phases  are  not  detrimental  to  system  operation  ex¬ 
cept  as  noted. 

D.  COHTAMINATION/FILTRATION 

1.  GENERAL 

a.  The  contamination  considered  in  this  discussion  is  limited  to  par¬ 
ticulate  contaminants  and  does  not  include  chemical  contamination.  Oil  filtra¬ 
tion  regulates  the  concentration  and  size  of  contamination  in  the  system.  Bet¬ 
ter,  more  efficient  filtration  is  presently  being  developed  which  will  have  a 
direct  effect  on  an  oil  analysis  program.  Contamination  is  a  good  indicator  of 
wear  but  also  tends  to  accelerate  the  wear  process. 

b.  Fluid  contamination  is  controlled  by  various  methods  to  provide  an 
acceptable  wear  service  life  and  reliability  for  all  components  in  an  oil  lubri¬ 
cated  or  hydraulic  system.  This  wear  service  life  is  dependent  among  others  on 
two  factors:  the  contamination  level  (concentration  and  size)  of  the  system 
fluid,  and  the  contaminant  tolerance  level  of  the  system  components.  These  two 
factors  must  be  properly  balanced  to  achieve  desired  life  and  reliability.  This 
relationship  is  called  the  Contamination  Control  Balance. 

2.  CONTAMINATION  LEVEL.  The  contamination  level  can  be  determined  by  per¬ 
forming  a  particle  size  distribution  analysis  on  a  sample  of  fluid.  The  param¬ 
eters  which  influence  the  contamination  level  are: 

a.  Effective  filtration  ratio  of  the  filter  assembly.  The  ratio  be¬ 
tween  particle  separation  performance  of  the  filter  element  and  escape  flow 
paths  in  the  filter  element. 
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b.  Flow  rate  of  fluid  through  the  filter  assembly.  The  more  frequently 
the  fluid  passes  through  the  filter,  the  cleaner  the  system  lubricant  will  be¬ 
come. 


c.  Rate  at  which  contaminant  enters  the  system  fluid.  The  contamina¬ 
tion  level  will  increase  as  more  contaminant  enters  the  system. 

3.  TYPES  OF  CONTAMINATION.  Contamination  types  can  be  classified  into  the 
following  generalized  categories. 

a.  Residual  Debris.  Particles  remaining  on  mechanical  parts  as  a  result 
of  manufacturing  and  assembly,  and  picked  up  by  the  lubrication  system  during 
the  break-in  period. 

b.  Generated  Debris.  Particles  produced  as  a  result  of  prevalent  sys¬ 
tem  wear  mechanisms.  These  particles  indicate  the  condition  of  the  mechanical 
system. 


c.  Ingested  Debris.  Particles  ingested  through  breathers,  wiper  seals, 
and  openings  during  maintenance  operations. 

d.  Regenerated  Debris.  Particles  which  evade  or  escape  capture  by  the 

filter. 


A.  CONTAMINANT  TOLERANCE  LEVEL.  Component  contaminant  tolerance  level  is 
determined  by  performing  a  contaminant  sensitivity  test  on  critical  components. 
The  test  consists  of  sequentially  subjecting  the  lubrication  system  of  equipment 
to  increasing  particle  size  ranges  while  operating  at  rated  conditions.  The 
introduction  of  contamination  into  the  lubrication  system  is  related  to  component 
damage.  The  parameters  of  the  system  which  directly  affect  the  contamination 
tolerance  level  are: 
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a.  Design  resistance  of  the  component  to  contaminant  wear.  The  net 
result  of  toughness  and  compatibility  of  material,  magnitude  of  mechanical  and 
hydrostatic  loading  on  wear  surfaces,  and  configuration  of  leakage  paths  and 
wear  surfaces. 

b.  Antiwear  protection  offered  by  the  system  fluid.  Usually  in  the 
form  of  antiwear  additivies  introduced  into  the  lubricant. 

c.  Duty  cycle  or  operating  conditions  imposed  on  the  components  or 
system  by  the  machine  application.  The  level  of  the  operating  conditions  (pres¬ 
sure,  speed,  temperature)  has  a  significant  influence  on  the  contaminant  toler¬ 
ance  level  of  a  component. 

5.  EFFECT  OF  CONTAMINATION.  Lubricant  debris  contamination  can  have  a 
drastic  effect  on  system  wear.  This  effect  is  discussed  as  follows: 

a.  Contamination  particles  which  cause  wear,  are  those  large  enough  to 
break  the  lubricant  film  and  small  enough  to  become  caught  in  the  contact  or 
wear  area.  They  must  also  be  small  enough  to  be  circulated  by  the  lubricant. 

b.  These  contaminant  particles  will  result  in  surface  denting  in  the 
contact  area,  when  carried  there  by  the  lubricant. 

c.  This  surface  denting  causes  stress  risers  which  creates  a  nucleus 
for  surface  initiated  fatigue  spalling. 

d.  Surface  denting  also  causes  a  localized  breakdown  in  the  lubricant 
film  thus  resulting  in  high  cyclic  stresses  or  a  fatigue  prone  area. 

e.  Surface  denting,  if  unchecked,  has  an  accelerating  effect.  The  more 
denting  that  occurs,  the  more  secondary  particles  that  are  generated  which  in 
turn  results  in  increased  denting. 
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f.  One  of  Che  nose  significant  findings  to  result  from  the  Oil  Analysis 
Program  has  been  the  full  realization  of  what  a  truely  clean  lubrication  system 
can  mean  in  terms  of  extending  the  life  of  operating  components.  Ultra  clean 
lubrication  systems,  utilized  in  ball  bearing  bench  tests,  have  resulted  in  the 
extension  of  bearing  operational  lives  in  excess  of  40  times  their  calculated 
expected  lives. 

g.  The  lubricant  used  in  these  bearing  tests  was  filtered  through  a  3 
>**.m  Millipore  filter  before  being  used  for  the  tests.  No  in-line  filtration  was 
employed.  Special  system  components  were  utilized  to  provide  an  uncontaminated 
system. 


h.  In  order  to  induce/accelerate  bearing  failure,  intentional  damage 
was  inflicted  on  the  bearing  surface  by  means  of  indentation. 

6.  FILTRATION.  A  prime  factor  in  the  control  of  lubricant  contamination  is 
filtration. 


a.  Filtration  controls  the  effect  of  contamination.  There  are  two 
basic  types  of  filter  systems,  natural  and  mechanical. 

(1)  Natural  filter  effects  are  caused  by  particles  settling  in  the 
oil  sump,  placing  out  on  the  mechanism  walls,  and  collecting  in  "dead"  areas  of 
Che  system. 


(2)  Mechanical  filtration  is  provided  by  installing  various  types  of 
filters  in  the  system,  and  passing  the  oil  through  them  to  remove  the  particles. 

b.  Higher  filtration  results  in  longer  wear  life. 

c.  There  are  two  aspects  of  mechanical  oil  filtration  that  are  inter¬ 
esting.  One  is  the  effect  of  clean  oil  on  wear  component  life,  and  the  other  is 
the  effect  of  filtration  oil  samples. 


d.  The  true  realization  of  contamination  control  is  still  in  its  in* 
fancy  vith  respect  to  lubricant  systems,  whereas  the  fluid  power  industry  has 
placed  great  emphasis  in  this  area. 

e.  The  institution  of  contamination  control  and  oil  analysis  represents 
somewhat  of  a  dichotomy.  Oil  analysis  relies  on  the  analysis  of  wear  particu¬ 
lates  carried  in  the  lubricant,  while  contamination  control  tries  to  eliminate/ 
minimize  oil  borne  particulates.  Contamination  control  will  thus  necessitate  a 
complete  revision  of  present  oil  sampling  techniques  and  procedures. 

f.  As  described  in  Section  V1B,  "Wear  Process,"  surface  initiated  fa¬ 
tigue  is  a  predominate  competing  wear  mode  in  lubricated  components.  To  high¬ 
light  this  affect  the  following  test  results  are  reported: 

(1)  Bearings  were  subjected  to  testing  in  ultraclean  lubricant  sys¬ 
tems,  in  order  to  categorize  generated  wear  particles  and  relate  them  to  respec¬ 
tive  bearing  wear  conditions. 

(2)  As  previously  mentioned,  these  bearings  although  running  at  high 
speed  and  high  load  conditions  would  no  fail. 

(3)  This  extended  life  was  a  direct  result  of  the  "clean"  lubrica¬ 
tion  system. 


(4)  This  "clean"  system  resulted  in  a  minimization  of  surface  dent¬ 
ing.  The  reduced  amount  of  surface  dents  limited  the  potential  for  surface 
initiated  spalling,  thus  minimizing  one  of  the  predominant  competing  wear  compo¬ 
nent  failure  modes. 

(5)  These  tests  emphasize  the  criticality  of  system  cleanliness,  and 
filtration  levels  with  respect  to  component  failure  modes. 
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g.  A  future  trend  in  oil  lubricated  systems  is  the  use  of  better  in 
line  particle  filtration.  This  additional  filtration  will  require  different 
techniques  to  obtain  oil  samples  for  analysis. 

h.  An  oil  filter  can  profoundly  modify  the  particle  distribution  in  the 
machine's  lubricant.  The  filter  changes  the  particle  population  in  two  ways: 

(1)  First,  the  filter  lowers  the  density  of  the  particles  in  the 
oil.  The  average  particle  which  remains  in  the  oil  of  a  filtered  system  was 
generated  more  recently  than  in  the  case  of  a  system  with  no  filter. 

(2)  Secondly,  the  filter  will  remove  large  particles  more  effective¬ 
ly  than  the  small  ones  so  that  the  density  of  the  larger  particles  is  reduced. 
This  may  aid  or  hinder  the  detection  of  the  onset  of  severe  wear.  If  the  sample 
is  taken  before  the  filter,  the  presence  of  quantities  of  large  particles  is  an 
indication  that  their  generation  rate  is  high,  i.e.,  they  are  being  produced 
here  and  now. 

7.  CONTAMINANT  SENSITIVITY  OF  ROLLER  BEARINGS  VERSUS  BALL  BEARINGS.  Test 
results  have  shown  that  the  artificially  induced  Vickers  hardness  indentation  is 
significantly  more  effective  in  initiating  a  spall  in  a  ball  bearing  than  in  a 
roller  bearing.  This  tends  to  indicate  that  ball  bearings  are  more  sensitive  to 
contamination  than  roller  bearings.  Possible  explanation  of  this  effects  is  as 
follows: 


a.  Bearing  material  for  the  ball  bearing  is  AISI  52100  steel  and  the 
roller  bearing  is  AISI  4118  steel.  The  roller  bearing  steel  melts  at  a  higher 
temperature  and  therefore  wears  to  a  greater  extent,  which  neutralizes  the  ef¬ 
fect  of  the  indentation. 

b.  The  heat  treatment  consisted  of  thorough  hardening  for  the  ball 
bearings  and  carburizing  for  the  roller  bearings.  The  softer  core  of  the  roller 
bearings  apparently  spreads  out  the  stress  effect. 


c.  In  the  case  of  roller  bearings,  the  load  is  evenly  distributed  across 
the  contact  width.  The  level  of  stress  at  a  defect  is  therefore  dependent  only 
on  its  stress  raising  ability.  On  the  ball  bearings,  the  indentation  occurs  in 

a  negative  slip  area  which  has  a  more  significant  effect. 

d.  Load  distribution  on  the  roller  bearing  is  spread  over  a  much  larger 
area  than  on  the  ball  bearing,  which  makes  the  ball  bearing  susceptible  to  flaws. 

e.  There  exists  greater  defects  with  greater  stress  raising  ability  in 
the  as  finished  bearing  than  the  stress  raising  ability  of  the  indent  of  a  rol¬ 
ler  bearing. 

E.  LUBRICANT  ANTIHEAR  PROPERTIES 


1.  In  the  course  of  preparing  suspensions  of  wear  particles  under  sample 
dispersion  program  investigation  and  sinking  rate  testing  (see  "Fluid  Sampling"), 
wear  particles  were  generated  in  the  laboratory.  These  particles  were  generated 
in  a  rubbing  wear  test  machine  employing  several  different  lubricating  and  hy¬ 
draulic  fluids.  This  testing  served  to  quantify  relative  wear  rates  (under 
fixed  test  conditions)  of  the  respective  lubricants. 

2.  During  this  testing,  six  runs  were  conducted;  three  with  lubricating  oil 
of  different  base  stocks  and  three  with  hydraulic  fluids  commonly  used  in  mili¬ 
tary  systems.  Samples  containing  rubbing  wear  particles  were  prepared  with  the 
following  six  oils. 

MIL-L-23699  synthetic  (ester)  lubricating  oil 
MIL-L-7808G  synthetic  (ester)  lubricating  oil 
Petroleum  base  lubricating  oil 
MIL-H-5606  petroleum  base  hydraulic  fluid 
MIL-F-17111  petroleum  base  hydraulic  fluid 

MIL-H-83282  synthetic  hydrocarbon  hydraulic  fluid  (fire  retardant  type) 

3.  Wear  particles  were  generated  in  each  oil  with  a  rubbing  wear  test  ma¬ 
chine.  The  wear  machine  was  adapted  to  rotate  a  4-inch  rod  of  1/4  inch  diameter 
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1018  steel.  A  flat  1-inch  plate,  1/8  inch  thick  of  1018  steel  was  fitted  to  a 
movable  arm  on  the  machine  to  bear  against  the  1/4  inch  diameter  rod.  Selected 
weights  were  used  to  establish  the  desired  contact  load.  The  wear  parts  oper¬ 
ated  immersed  in  30  ml  of  oil. 

4.  The  wear  machine  was  run  for  30  minutes  (break-in  period)  at  a  contact 
load  of  three  pounds.  Following  wear-in,  the  load  was  increased  to  10  pounds 
and  the  machine  operated  for  an  additional  60  minutes.  Oil  temperatures  were 
recorded  initially,  at  30  minutes,  and  at  the  end  of  the  run.  The  speed  was  20 
cm/ sec.  The  30  ml  oil  sample  containing  the  wear  particles  was  diluted  by  adding 
clean  oil  for  a  total  volume  of  150  ml.  Ferrograms  were  prepared  from  each  oil 
batch. 


5.  Figure  143  shows  the  volume  of  entry  deposit  (particles  >  5 /<m)  for  each 
of  the  above  six  oils.  Figure  144  displays  the  percentage  area  covered  by  par 
tides  1.25  mm  below  the  entry  deposit  (particles  5-10^un)  for  the  selected 
oils.  This  information  can  be  correlated  to  total  particle  content  of  the  oil. 

6.  The  rubbing  wear  particle  chains  generated  under  MIL-L- 23699  oil  were 
similar  to  those  generated  with  the  MIL-L-7808  oil.  However,  in  comparison,  the 
rubbing  wear  particle  chains  generated  with  the  petroleum  base  lubricating  oil 
were  finer  (in  the  sense  of  being  narrower)  and  the  entry  deposit  was  substan¬ 
tially  smaller,  as  would  be  expected  from  lower  wear  rates. 

7.  Petroleum  base  hydraulic  fluids,  MIL-F-17111,  MIL-H-5606C,  and  MIL-H- 
83282  exhibited  wear  particles  in  chains  similar  to  the  petroleum  lubricating 
oils. 


8.  In  all  of  the  cases  the  predominant  wear  particle  type  was  "rubbing 
wear"  from  the  shear  mixed  layer. 

9.  Interestingly,  the  synthetic  hydrocarbon  hydraulic  fluid,  MIL-H-83282 
showed  the  least  wear  among  the  oils  tested.  The  volume  of  wear  particles  gen¬ 
erated  by  this  fluid  was  80  times  less  than  the  volume  of  wear  particles  gener¬ 
ated  by  polyester  lubricating  oil,  MIL-L-23699. 


10.  The  ratio  of  wear  particle  volumes  observed  applies  for  the  conditions 
of  the  test,  and  will  not  necessarily  hold  at  higher  loads,  temperatures,  or 
speeds. 

11.  These  tests  serve  to  highlight  the  significant  differences  in  wear 
rates  exhibited  by  various  lubricants  and  additives  under  fixed  operating  con¬ 
ditions. 

F.  SPECTROMETRIC  OIL  ANALYSIS 

1.  The  most  prevelant  approach  to  oil  analysis  is  spectrometric  oil  analy¬ 
sis.  This  approach  has  been  adapted  by  the  Department  of  Defense  as  well  as 
some  facets  of  the  industrial  community. 

2.  The  technical  basis  of  the  spectrometric  approach  is  the  determination 
of  lubricant  sample  contaminant  types  and  respective  concentration  levels.  Uti¬ 
lizing  this  data,  an  analysis  is  performed  which  draws  a  comparison  with  known 
contaminant  baselines  established  for  the  engine/ component  being  isonitored. 

3.  The  two  most  commonly  used  methods  of  evaluating  concentrations  in  oil 
are  the  emission  spectrometer  and  the  atomic  absorption  spectrometer.  Of  the 
two,  the  emission  spectrometer  is  more  widely  used  today  because  of  its  ability 
to  analyze  samples  in  the  as  received  state,  analyze  more  than  one  element  at  a 
time,  inherit  greater  adaptability  to  different  operating  locations,  and  because 
it  allows  automatic  transcription  of  the  results  to  standard  forms  and  punched 
cards  or  tape. 

4.  All  branches  of  the  military  presently  use  an  oil  analysis  program  (OAP) 
The  recently  consolidated  program  has  been  named  the  Joint  Oil  Analysis  Program 
(JOAP).  Originally  the  Air  Force  program  was  the  SOAP;  the  Army,  AOAP;  and  the 
Navy,  NOAP.  The  Air  Force  program  is  the  most  extensive.  The  types  of  equip¬ 
ment  monitored  by  the  various  services  is  as  follows. 
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a.  Air  Force 

(1)  Aircraft  propulsion  (gas  turbine  engines) 

(2)  Accessory  equipment  (transmission,  starters,  gear  boxes,  hy¬ 
draulic  systems,  etc.) 


(1)  Aircraft  propulsion  (gas  turbine  engines)  and  systems 

(2)  Ground  equipment  (tanks,  generators,  etc.) 

c.  Navy 

(1)  Aircraft  propulsion  (gas  turbine  and  reciprocating  engines) 

(2)  Ship  equipment  (main  propulsion  systems,  pitch  controls,  etc.) 

(3)  Ground  equipment 


5.  Oil  Analysis  has  had  a  varying  record  of  effectiveness  in  detecting/ 
predicting  impending  mechanical  malfunction  or  failures.  Where  oil  analysis  has 
been  documented  as  being  responsible  for  a  substantial  number  of  valid  engine 
removals,  these  removals  before  failure  have  resulted  in  many  tangible  and  in¬ 
tangible  benefits,  such  as  maintenance  saving  due  to  prevention  of  secondary 
engine  damage  and,  more  importantly,  flight  safety. 

6.  However,  during  the  six-month  period  ending  June  1972,  39Z  (28)  of  72 
gas  turbine  engines  removed  as  a  result  of  NOAP  recommendations  had  negative 
findings  (nodiscrepancy  noted)  upon  disassembly.  Also  during  this  period,  143 
gas  turbine  engines  were  removed  because  of  metal  contamination  in  the  oil  sys¬ 
tems;  14Z  (20)  of  these  engines  were  being  monitored  by  the  NOAP  but  had  not 
been  identified  by  NOAP  as  discrepant. 

7.  Naval  Safety  Center  records  for  a  five-year  period  revealid  that  19Z  of 
the  engine  related  major  accidents  resulted  from  failure  of  oil  wetted  compo¬ 
nents. 
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8.  The  ebove  listed  statistics  indicate  the  need  for  improvement  of  the  oil 
analysis  program.  Shortcomings  of  this  program  involve  both  administrative  and 
technical  elements. 

a.  Administrative  Shortcomings 


(1)  Transit  time  from  squadron  to  laboratory  of  the  oil  samples  for 
the  engines  cited  in  the  above  discussion  averaged  4.4  days.  Such  excessive 
transit  times  delay  SOAP  analysis  and  increase  the  probability  of  engine/com¬ 
ponent  failure  before  detection.  The  time  from  detection  of  an  abnormal  con** 
dition  to  failure  is  unpredictable  and  may  be  as  soon  as  the  next  flight.  The 
service  provided  to  operating  activities  culminates  in  timely  recosmended  main¬ 
tenance  actions  by  the  laboratory  based  on  sample  results.  Laboratory  inter¬ 
views,  control  group  monitoring,  nd  the  examination  of  oil  analysis  records, 
reflect  instances  of  lack  of  response  and  feedback  to  laboratory  recommenda¬ 
tions. 


(2)  Squadron-initiated  feedback  information  as  delineated  in 
NAVMATINST  4731.1  is  generally  not  being  provided.  This  instruction  requires 
operators  to  submit  an  oil  sample  and  a  Maintenance  Feedback  Form  (NAVMAT 
4731/1)  to  a  laboratory  after  completion  of  maintenance  that  would  affect  the 
oil-u«tted  system,  such  as  an  oil  pump  change.  Laboratory  interviews,  control 
group  monitoring,  and  the  review  of  oil  analysis  records  revealed  only  a  modicum 
of  feedback  responsiveness. 

b.  Technical  Shortcomings 

(1)  Sample  integrity  is  of  prime  importance  in  any  oil  analysis 
technique  as  covered  in  Section  VIB.  Sampling  procedures  in  the  SOAP  are  not 
strictly  adhered  to  in  all  cases.  Samples  with  a  nonrepresentative  debris  dis¬ 
tribution  or  samples  containing  foreign  contaminants  are  prevalent.  Detection 
of  erroneous  samples  is  difficult. 

(2)  A  critical  technical  shortcoming  of  spectrometric  analysis  has 
been  identified  under  this  program.  This  shortcoming  involves  an  inherent  in¬ 
sensitivity  to  large  debris/particles.  Spectrometric  insensitivity  limit  ap¬ 
pears  to  fall  in  the  range  of  particle  size  from  5-7 Above  this  level, 
debris  is  not  indicated  in  the  spectrometer  reading. 
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(a)  A  test  result  example  in  order  to  support  this  shortcoming, 
is  presented  in  Figure  145.  This  dual  plot  presents  the  trend  of  both  spectro¬ 
metric  results  and  ferrographic  results  plotted  over  the  life  of  a  roller  bear¬ 
ing.  The  spectrometric  data  plot  represents  the  concentration  level  (ppm)  of 
iron  (Fe)  contained  in  lubricant  samples  taken  during  bearing  operation.  This 
plot  (with  a  slight  exception  in  the  last  sample)  does  not  vary  over  the  bearing 
life.  The  ferrography  plot  represents  entry  deposit  density  readings  of  ferro- 
grams  made  from  the  above  reference  series  of  lubricant  samples.  This  plot 
shows  significant  variation  during  the  initial  and  final  stages  of  bearing  life. 
As  indicated  in  Section  V,  1,  typical  debris  size  in  an  entry  deposit  is  >  5 /m. 
Thus,  spectrometric  analysis  is  not  sensitive  to  debris  in  the  critical  size 
range . 


(b)  Figure  145  test  results  are  typical  under  the  Oil  Analysis 
Program.  Of  the  28  ball  and  roller  bearings  tested  until  failure,  spectrometric 
analysis  indicated  only  three  abnormal  wear  situations. 

(c)  During  gear  testing,  however,  spectrometric  analysis  was 
very  sensitive  with  respect  to  monitoring  scuffing  wear.  Figure  146  represents 
a  plot  of  the  percent  scuff  versus  operating  time  for  gear  set  GE.  Figure  147 
represents  the  spectrometric  iron  (Fe)  readings  for  lubricant  samples  taken 
during  the  respective  test  sequence.  As  can  be  seen,  a  very  good  correlation 
exists  between  the  data  plots.  At  first  glance  these  results  appear  contra¬ 
dictory  to  the  above  reported  bearing  results.  However,  a  closer  look  at  scuff¬ 
ing  wear  indicates  that  this  abnormal  wear  situation  results  in  the  generation 
of  large  amounts  of  relatively  small  wear  debris.  This  is  contrary  to  the  ma¬ 
jority  of  abnormal  wear  modes  which  results  in  the  generation  of  large  wear 
particulates. 


(d)  Figure  148  represents  the  plot  of  debris  quantity  over  the 
respective  gear  life.  This  quantity  is  divided  by  particle  size  ranges.  As  can 
be  seen,  the  majority  of  debris  generated  during  scuffing  falls  into  the  3-5  /um 
size  range.  This  scuffing  falls  within  the  sensitivity  limits  of  the  spectro¬ 
meter  and  as  such  does  not  represent  a  contradiction  to  this  size  limitation. 
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(e)  According  Co  Che  above  logic,  Che  specCromeCer,  as  a  resulc 
of  size  sensicivlcy,  can  only  reflecc/monicor  effecCively  wear  modes  that  gener¬ 
ate  small  debris  such  as  gear  scuffing.  However,  in  practice,  spec trometric  oil 
analysis  has  been  able  Co  monicor  such  wear  modes  as  rolling  contact  fatigue  and 
gear  fatigue.  An  explanation  for  this  situation  is  proposed  as  follows.  For 
wear  modes  that  generate  large  debris,  this  debris  is  picked  up  by  the  lubricant 
and  circulated  throughout  the  lubricant  system.  During  this  process  some  of  the 
debris  is  subjected  to  various  system  interacting  surfaces  and  are  broken  down 
into  smaller  debris.  Small  secondary  particles  are  also  generated  as  a  result 
of  surface  denting  of  the  wear  area  by  the  large  primary  particles.  This  pro¬ 
cess  is  illustrated  in  Figure  149.  Presented  test  results  were  conducted  by  Dr. 
J.  Johnson  at  Michigan  Technological  University.  The  Figure  represents  the 
ferrographic  percentage  density  readings  with  time  for  data  taken  during  a  die¬ 
sel  engine  test  sequence.  As  can  be  seen,  an  equilibrium  wear  rate  of  large 
particles  is  established  within  the  first  two  hours  of  operation.  The  locus  of 
maximum  readings  with  time  for  each  Ferrogram  location  (Section)  indicates  that 
a  "grinding"  mechanism  is  operative. 

(f)  It  is  proposed  that  it  is  this  grinding  process  or  after 
effect  to  the  large  wear  debris  generation,  that  spectrometric  analysis  moni¬ 
tors.  This  after  effect,  however,  results  in  a  built-in  lag  time  when  detecting 
an  abnormality.  This  lag  can  be  seen  in  Figure  150  which  in  this  case  is  ap¬ 
proximately  13  x  106  revolutions. 

(g)  In  the  series  of  bearings  that  were  run  to  failure  under 
this  program,  each  was  heavily  stressed  in  order  to  conserve  test  time.  Spec¬ 
trometric  analysis  was  ineffective  in  detecting  failure  in  these  components, 
because  the  accelerated  progression  time  to  failure  of  the  abnormal  wear  mode 
was  less  than  the  lag  time  resulting  from  the  size  sensitivity  limitations.  In 
the  case  of  lightly  stressed  components,  the  spectrometric  analysis  could  be 
effective  in  monitoring  an  abnormality  because  the  progression  time  to  failure 
of  an  abnormal  wear  mode  would  be  greater  than  the  lag  time  resulting  from  sen¬ 
sitivity  constraints. 
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FIGURE  149.  PERCENTAGE  AREA  COVERED  AS  A  FUNCTION  OF  THE  TEST  TIME 
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(3)  A  third  technical  shortcoming  of  spectrometric  analysis  is  that 
it  gives  no  indication  of  the  size  distribution  of  debris  that  it  is  measuring. 

(4)  Another  spectrometric  analysis  technical  limitation  is  that  the 
spectrometer  reports  elemental  analysis  but  is  blind  to  chemical  form.  There¬ 
fore,  SOAP  is  unable  to  differentiate  between  wear  metal  particles  and  the  metal's 
corrosion  product. 

(5)  The  inability  to  determine  particle  shape  is  also  a  technical 
limitation  of  SOAP.  Recent  work  in  the  area  of  particle  shape  determination 
with  the  use  of  a  scanning  electron  microscope  has  revealed  specific  details  of 
wear  particle  shape.  Particle  morphology  offers  promise  in  improving  equipment 
heath  monitoring  techniques. 

9.  FUTURE.  A  future  trend  is  toward  high  filtration  lubricant  systems. 

This  filtration  will  remove  the  large  particles  from  the  oil  sample,  thus  elim¬ 
inating  secondary  small  particle  effects  that  SOAP  relies  on  for  detection  cri¬ 
teria.  This  will  severely  limit  the  present  sampling  technique  as  it  exists 
today. 

G.  ANALYTICAL  FERROGRAPHY 


1.  One  of  the  most  predominant  oil  debris  analysis  techniques  utilized 
under  this  program  is  Ferrographic  Analysis.  This  analysis  technique  is  a  rela¬ 
tively  new  approach  and  as  such  warrants  a  detailed  discussion. 

2.  There  presently  exists  three  types  of  Ferrography  equipment:  Analytical 
Ferrography,  Direct  Reading  Ferrography,  and  Real  Time  Ferrography. 

a.  Analytical  Ferrography.  The  ferrography  analyzer  flows  a  lubri¬ 
cating  oil  sample  over  an  inclined  glass  substrate  (slide)  positioned  in  the 
field  of  a  high  gradient  magnet.  The  high  gradient  field  separates  particles 
from  the  oil  as  it  flows  through  Che  influence  of  the  magnetic  field.  The  par¬ 
ticles  are  chemically  affixed  to  the  slide  and  are  thus  conveniently  displayed 
for  analysis. 
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b.  Direct  Reading  (DR)  Ferrography.  The  DR  ferrography  passes  an  oil 
sample  through  a  clear  glass  capillary  tube  positioned  in  the  field  of  a  high 
gradient  magnet.  Two  fiber  optic  light  tubes  are  positioned  about  the  capillary 
tube;  one  at  a  point  where  large  particles  are  collected  on  the  capillary  tube 
walls  and  one  where  small  particles  are  collected  on  the  tube  walls.  Light 
blockage  at  these  two  points  is  indicative  of  the  large  particle  density  (gross 
quantity)  and  the  small  particle  density  (gross  quantity).  The  digital  readouts 
at  these  two  points  are  also  indicative  of  the  relative  particle  distribution  in 
the  sample  oil. 

c.  Real  Time  Ferrography.  The  real  time  ferrograph  is  a  prototype  in¬ 
line  monitor  for  an  oil  lubricating  system.  The  system  oil  flow  passes  through 
a  capacitive  detector.  A  high  gradient  magnet  collects  the  wear  particles  on 
the  capacitive  detector,  which  in  turn  gives  an  indication  of  gross  particle 
quantity  and  relative  size  distribution.  After  the  readings  are  taken  the  ca¬ 
pacitive  detector  is  flushed  and  ready  for  the  next  reading. 

3.  Discussions  under  this  section  will  be  limited  to  analytical  ferrography 
which  was  the  technique  primarily  utilized  under  the  Oil  Analysis  Program. 

4.  BACKGROUND 

a.  Analytical  ferrography  is  based  on  the  magnetic  precipitation  and 
subsequent  analysis  of  wear  debris  from  a  lubricant  sample.  The  approach  uti¬ 
lized  involves  passing  a  volume  of  lubricant  over  a  glass  substrate  which  is 
supported  over  a  magnetic  field.  Permanent  magnets  are  arranged  in  such  a  way 
as  to  create  a  varying  field  strength  over  the  length  of  the  substrate.  This 
varying  strength  results  in  the  precipitation  of  wear  debris  (magnetic  and  fer¬ 
romagnetic)  in  a  distribution  with  respect  to  size/mass  over  the  substrate  length 
(approximately  55  mm).  Once  rinsed  and  fixed  to  the  substrate  this  deposit 
serves  as  an  excellent  media  for  optical  analysis  of  the  wear  particulate. 
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b.  Ferrographic  substrate  deposit  analysis  involves  the  characteriza¬ 
tion  of  debris  quantity,  distribution,  elemental  composition,  and  morphology. 
This  total  analysis  effort  involves  both  quantitative  and  qualitative  assess¬ 
ments. 


c.  Quantitative  assessments  are  derived  for  quantity  and  size  distri¬ 
bution  characterization  utilizing  a  light  re flee  ted/ light  transmitted  type  den¬ 
sitometer.  These  assessments  are  registered  by  indicating  the  percentage  of 
blocked  area  in  a  particular  microscopic  field  of  view.  Readings  are  taken  over 
the  length  of  the  substrate  in  order  to  characterize  relative  debris  size  dis¬ 
tribution. 

d.  Elemental  composition  and  morphological  debris  assessments  are  very 
qualitative  in  nature.  They  involve  the  manual  characterization  of  debris  de¬ 
posits  relying  on  observations  conducted  primarily  through  an  optical  micro¬ 
scope. 

e.  The  analytical  ferrography  approach  consists  of  three  main  com¬ 
ponents:  Ferrography  Analyzer,  Ferrogram,  and  the  Ferroscope. 

(1)  Ferrography  Analyzer 

(a)  The  purpose  of  a  ferrography  analyzer  is  to  magnetically 
precipitate  lubricant  borne  debris  onto  a  glass  substrate.  The  analyzer  consists 
basically  of  two  components;  a  pump  and  a  magnet.  A  detailed  breakdown  of  the 
analyzer  is  given  in  Figure  151. 

(b)  During  the  respective  analyzer  procedure,  a  prepared  lubri¬ 
cant  sample  is  pumped  over  a  substrate  suspended  in  a  variable  magnetic  field  as 
explained  above. 

(2)  Ferrogram 

(a)  As  stated  above  the  ferrography  analyzer  separates  debris 
from  a  lubricant  sample  by  relying  on  the  magnetic  susceptability  of  the  debris. 
The  debris  is  precipitated  and  fixed  onto  a  glass  substrate  or  Ferrogram. 
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(b)  The  ferrogram  is  a  transparent  glass  slide  (25  ram  x  60  mm) 
which  contains  a  u-shaped  nonwetting  agent  barrier  on  its  surface.  This  barrier 
serves  to  channel  the  sample  flow  although  the  length  of  the  slide.  The  foot  of 
the  barrier  serves  as  the  point  of  sample  introduction  (entry  deposit)  and  the 
open  end  of  the  barrier  serves  as  the  sample  exit  point  (exit  deposit),  Figure 
152. 


(c)  Magnetic  and  ferromagnetic  particles  are  deposited  along  the 
length  of  the  slide  with  respect  to  size/mass.  All  positions  of  deposited  par¬ 
ticles  along  the  Ferrogram  are  indicated  in  millimeters  from  the  exit  deposit 
toward  the  entry  deposit.  Large  magnetic  particles  in  general,  are  thus  de¬ 
posited  between  the  54  mm  and  55  mm  slide  position.  These  particles  generally 
are  ">  5 _/«jn  in  major  dimension.  Small  magnetic  particles,  in  general,  are  de¬ 
posited  at  the  exit  end  of  the  slide.  These  paticles  are  submicron  in  major 
dimension.  An  illustration  of  particle  size  with  respect  to  ferrogram  location 
is  presented  in  Figure  153. 

(d)  The  ferrogram  displays  the  magnetic  particles  in  strings 
transverse  to  the  oil  flow  across  the  Ferrogram.  Some  hybrid  particles,  a  com¬ 
bination  of  magnetic  and  nonmagnetic  materials,  also  appear  on  the  ferrogram. 

It  should  be  pointed  out  that  some  nonmagnetic  materials  are  important  contri¬ 
butors  to  the  wear  process  and  will  not  be  collected  in  a  representative  manner. 
Nonmagnetic  abrasives  and  nonmagnetic  wear  debris  will  only  be  represented  as 
traces  on  the  Ferrogram.  Their  presence  is  noted  (possibly  overlooked)  but  not 
easily  assessed. 


(e)  Although  the  ferrograph  separates  particles  and  lubricating 
oil  magnetically,  other  effects  come  into  play  that  influence  particle  separa¬ 
tion.  In  addition  to  the  magnetic  effects,  gravitational  and  mechanical  net 
effects  are  involved.  Gravitational  effects  bring  about  settling  of  particles 
along  the  Ferrogram.  Mechanical  net  effects  refer  to  the  strings  of  particle 
transverse  to  the  ferrogram  acting  as  physical  dams  to  particles  carried  with 
the  lubricating  oil  along  the  slide.  Forces  opposing  particle  collection  are 
the  lubricating  oil  viscosity  and  flow  effects.  The  aforementioned  trapping 
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mechanisms  affect  different  particles  in  different  ways.  Magnetic,  ferro¬ 
magnetic  (hybrid),  and  nonmagnetic  particle  collection  is  aided  by  gravitational 
effects  and  mechanical  net  effects.  Obviously,  only  the  magnetic  and  ferromag¬ 
netic  particles  are  influenced  by  the  magnetic  collection  effects. 

(3)  Ferroscope 

(a)  In  order  to  assess  the  aforementioned  ferrogram  deposit 
characteristics  of  quantity,  size  distribution,  composition,  and  morphology,  an 
optical  microscope  technique  is  employed  called  the  ferroscope.  The  ferroscope 
consists  of  a  bichromatic  microscope  with  an  integrated  densitometer  as  shown  in 
Figure  154.  Particle  characterization  is  accomplished  by  the  analysis  of  such 
aspects  as  transparency,  orientation,  color,  surface  texture,  and  location  on 
slide  as  well  as  assessing  density  readings  (percent  blockage)  along  the  slide 
deposit . 


(b)  A  detailed  procedure  for  the  preparation  and  analysis  of  a 
ferrogram  is  presented  in  NAVAIRENGCEN  Report  No.  NAEC-MISC-9 2-0458  "Sample 
Preparation/Ferrogram  Procedure/Ferrogram  Analysis,"  reference  (ss).  As  a  re¬ 
sult  of  this  reference  a  detailed  decision  of  procedure  will  not  be  presented  in 
this  discussion. 

(4)  Above  and  beyond  the  equipment  described  above,  supplemental 
equipment  and  techniques  have  been  employed  in  Ferrogram  Analysis.  Three  of 
these  supplemental  approaches  are  included  in  the  following  sections.  Ferrogram 
Heating,  Scanning  Electron  Microscope,  and  Energy  Dispersive  X-Ray  Spectrometer. 

5.  FERROGRAM  HEATING 


a.  Gross  composition  of  particles  on  a  ferrogram  can  be  determined  by 
heating  the  ferrogram  and  observing  the  induced  temper  colors.  Heating  of  fe**- 
rograms  promotes  the  chemical  combination  of  some  wear  debris  with  oxygen.  The 
oxide  layers  formed  and  the  thickness  of  the  layers  when  observed  with  an  opti¬ 
cal  microscope  are  seen  to  have  characteristic  colors.  These  colors  are  indic¬ 
ative  of  particle  composition  and  crystal  lattice  orientation.  However,  similar 
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colors  can  be  observed  for  more  Chan  one  element  or  compound.  Hence,  this  is 
why  only  gross  composition  can  be  determined  by  induced  temper  colors. 

b.  Typically  a  ferrogram  is  heated  to  650°F  (343°C)  for  90  seconds. 

This  combination  of  temperature  and  time  is  adequate  to  turn  carbon  steels  blue. 
The  color  change  (bright  white  in  unheated  state)  is  readily  observed  with  the 
optical  microscope. 

c.  Details  on  heating  ferrograms  for  the  observation  of  temper  colors 
can  be  found  in  "The  Use  of  Temper  Colors  in  Ferrography by  Barwell,  Bowen  and 
Wescott;  Wear,  44  (1977)  163-171,  reference  (e). 

d.  Note  that  the  particles  on  a  ferrogram  may  display  temper  colors 
before  the  initial  heating  of  the  ferrogram.  This  gives  an  indication  of  the 
temperature  of  the  environment  that  the  particles  were  generated  in.  This  in¬ 
formation  can  be  interpreted  in  terms  of  lubricant  starvation,  high  speed,  or 
high  load  through  further  investigation. 

6.  SCANNING  ELECTRON  MICROSCOPE  (SEM) 


a.  Various  techniques  have  been  developed  to  permit  electron  microscope 
evaluation  of  the  particles  on  the  ferrogram.  Several  approaches  to  ferrogram 
slide  preparation  are  presented  in  the  following  paragraphs. 

(1)  Conventional  Ferrogram 

(a)  The  specimen  is  a  glass  slide,  24  mm  wide  x  60  mm  long  x  0.3 
mm  thick.  A  polymer  barrier  layer  is  present  around  the  edge  of  the  slide  to 
contain  the  oil  during  preparation.  The  slide  cannot  be  examined  in  a  scanning 
electron  microscope  (SEM)  without  overcoating  with  an  electrically  conductive 
layer  due  to  severe  charging  problems  that  will  be  encountered  associated  with 
the  glass  substrate. 
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(b)  The  ferrogram  slide  can  be  broken  inco  smaller  sections  by 
scratching  (one  or  two)  lines  on  the  side  opposite  the  deposit  to  avoid  gen¬ 
eration  o£  glass  fragments  around  the  particles.  The  slide  is  supported  on  a 
block  that  is  recessed  in  the  central  region  while  being  scratched.  Pressure  is 
then  applied  to  crack  the  slide  along  the  scratch.  The  slide  segment  is  then 
mounted  on  an  SEM  specimen  stub  for  conductive  coating. 

(c)  The  most  satisfactory  coating  material  has  proven  to  be 
evaporated  carbon.  The  deposit  is  applied  in  a  vacuum  evaporator  while  the 
specimen  is  rotated  to  obtain  uniform  deposition.  The  coating  thickness  usually 
lies  in  the  300-500  A  range.  The  carbon  coating  appears  to  be  durable,  adher¬ 
ent,  protective,  and  presents  no  interferences  for  subsequent  X-ray  analysis. 
Metal  coatings  such  as  evaporated  gold  could  also  be  employed  but  have  no  ad¬ 
vantage  over  carbon  and  can  give  rise  to  overlap  lines  in  the  X-ray  spectrum. 

(2)  Uncoated  Ferrogram 

(a)  Two  techniques  to  avoid  overcoating  the  ferrogram  after 
preparation  have  been  used  with  limited  success.  In  the  first  the  blank  fer¬ 
rogram  slides  are  precoated  with  evaporated  carbon.  Only  the  central  portion  is 
coated  as  the  polymer  barrier  film  is  rendered  ineffective  if  covered  with  car¬ 
bon.  The  slide  can  then  be  used  in  the  ferrograph  in  the  customary  fashion. 
After  deposition  of  the  particles  the  ferrogram  can  be  examined  directly  in  the 
SEM.  Since  there  is  no  coating  over  the  particles,  they  must  be  resting  on  the 
substrate  if  charging  is  to  be  avoided.  Problems  of  insufficient  conductivity 
are  noted  much  more  frequently  here  than  with  overcoated  Ferrograms,  particular¬ 
ly  near  the  initial  deposit.  Particles  can  also  be  dislodged  from  the  substrate 
during  handling  and  examination.  The  advantage  of  the  method  lies  in  the  pre¬ 
servation  of  topographic  detail  on  the  particles  and  the  lack  of  any  X-ray  ab¬ 
sorbing  layer. 
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(b)  The  second  method  employed  aluminum  alloy  plates,  6061-T6 
aluminum,  in  place  of  the  glass  ferrogram  slide.  The  aluminum  slides  were  thicker 
(0.6  mm)  than  usual  but  appeared  to  perform  satisfactorily  in  the  ferrograph. 

The  slides  containing  particle  deposits  were  cut  into  smaller  sections  using  a 
metal  shear  and  then  examined  directly  in  the  SEM.  Occasional  problems  asso¬ 
ciated  with  particle  charging  were  noted  here  also.  A  more  serious  problem  was 
associated  with  the  substrate  contribution  to  the  X-ray  emission  spectrum  and 
the  obvious  interference  with  any  aluminum-containing  wear  particles. 

(3)  Extracting  Particles  from  the  Ferrogram 

(a)  It  is  useful  on  occasion  to  be  able  to  examine  particles 
from  one  limited  region  of  the  Ferrogram  using  other  techniques.  This  could 
involve  electron  diffraction  studies  of  an  individual  particle  or  group  of  par¬ 
ticles,  for  example.  Ue  have  successfully  applied  a  plastic  film  striping 
procedure  to  this  problem.  A  suitably  sized  piece  of  the  cellulose  acetate  tape 
is  softened  with  acetone  and  pressed  and  held  into  contact  with  the  previously 
carbon  coated  Ferrogram.  After  hardening  for  about  15  minutes  the  film  is  care¬ 
fully  peeled  off  the  Ferrogram,  carrying  with  it  the  deposited  wear  debris.  The 
film  is  then  coated  with  carbon  in  an  evaporator,  cut  into  the  appropriate  size, 
placed  on  small  support  grids  (3  mm  diameter  in  our  case)  and  washed  carefully 
in  a  suitable  solvent.  This  leaves  the  wear  particles  sandwiched  between  two 
thin  carbon  films  on  the  support  grid.  Except  for  interference  from  the  support 
grid  bars  in  those  areas,  the  debris  can  then  be  examined  as  before  and  also  in 
electron  and  X-ray  transmission  geometries. 

b.  The  analyst  can  utilize  the  great  depth  of  focus  and  high  resolution 
of  the  SEM  during  study  of  particle  morphology  in  great  detail.  However,  a 
limitation  of  the  SEM  is  the  inability  of  the  SEM  to  pick  up  the  optical  char¬ 
acteristics  of  the  particles.  This  merger  of  optical  characteristics  and  the 
electron  image  details  requires  the  coordination  of  data  between  the  optical 
microscope  and  the  SEM. 
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7.  ENERGY  DISPERSIVE  X-RAY  (EDX)  SPECTROMETER.  The  EDX  spectrometer  is  an 
accessory  used  in  conjunction  with  the  SEM.  The  spectrometer  is  designed  to 
analyze  the  energies  associated  with  the  X-rays  from  the  wear  particles  excited 
by  the  electron  beam  of  the  SEM.  These  energies  (X-rays)  are  picked  up  by  an  X- 
ray  detector  scintillator.  The  scintillation  intensity  is  analogous  to  the  X- 
ray  energy.  The  spectrometer  electronics  counts  the  scintillations  and  inte¬ 
grates  them  simultaneously  for  each  energy  level.  Each  energy  level  is  in  turn 
analogous  to  the  frequency  of  the  X-ray.  This  frequency  is  characteristic  of 
each  element.  After  the  frequency  is  determined,  the  element  analyzed  is  deter¬ 
mined.  Analysis  of  a  compound  results  in  the  elements  composing  that  compound. 
The  data  derived  in  this  manner  is  qualitative  but  may  be  semi-qualitative  with 
the  necessary  options  for  the  spectrometer  to  expand  its  capabilities. 

a.  Determination  of  the  composition  of  wear  debris  particles  in  the 
size  range  below  100^»<m  using  X-ray  emission  analysis  requires  very  careful 
measurements  and  calibration.  The  X-ray  production  from  the  iron  and  nickel 
particles  has  been  calculated  as  a  function  of  size  using  Monte  Carlo  methods. 
The  correction  factor  needed  for  the  particle  size  effect  has  been  determined. 
Experimental  measurements  have  been  conducted  on  an  NBS  standard  reference  ma¬ 
terial  (Fe-3Si)  that  confirm  the  results  of  these  calculations.  Figure  155 
shows  the  calculated  results  for  iron  and  the  measured  results  for  Fe-3Si  par¬ 
ticles  and  for  A1  particles  (from  other  work).  Particles  of  iron  larger  than 
about  3  yLA-m  (in  the  smallest  dimension)  can  be  analyzed  without  making  size 
corrections.  In  iron  particles  of  size  less  than  1  yy-sn  the  correction  is  very 
significant. 

b.  Measurements  of  X-ray  emission  from  strings  of  identical  particles 
have  been  made  on  ferrograms  using  the  SEM  X-ray  detector  system.  Electron  and 
X-ray  scattering  to  neighboring  particles  can  interfere  with  quantitative  analy¬ 
sis  of  unknown  particles  of  interest.  The  effect  of  string  orientation  relative 
to  the  X-ray  detector  is  important.  The  particles  labeled  in  Figure  156  were 
examined  under  constant  electron  beam  exposure  and  geometrical  conditions.  The 
Ni-K  X-ray  line  emission  was  measured  in  each  case  using  the  SEM  X-ray  detec¬ 
tor  system. 
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String  of  Ni  coated  S1O2  spheres,  0.7  m  and  5  m  diameter, 
on  a  Ferrogram.  X-ray  analysis  results  for  labeled  parti¬ 
cles  are  given  below. 
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FIGURE  156.  X-RAY  EMISSION  ANALYSIS 
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c.  Particles  A,  B,  C  are  actually  clusters  of  the  smaller  spheres.  The 
variation  in  Ni  count  rate  for  the  5/>^a  spheres  (particles  1  through  9)  is  due 
partially  to  statistical  variations  (about  6%)  and  partially  to  a  real  variation 
in  Ni  content  spheres.  The  observed  average  value  is  80  ♦  18  sec.,  a  variation 
of  about  25%.  The  string  was  rotated  180  degrees  in  the  SEM  and  the  end  parti¬ 
cles  reanalyzed.  The  values  (1R,  9R)  are  not  significantly  different  than  the 
original  values,  indicating  that  electron  excitation  from  adjacent  particles  is 
not  a  significant  factor.  The  Ni  emission  from  the  cluster  of  small  spheres  B 
is  reasonably  close  to  that  from  the  larger  spheres  suggesting  a  similar  Ni 
content.  Th^  clusters  A  and  C  appear  thinner  and  penetration  of  the  electron 
beam  through  the  particles  is  more  significant.  According  to  Figure  155  a  cor¬ 
rection  factor  of  about  0.3  is  indicated  for  correction  at  0.7 y+m  particle 
diameter.  Considering  particle  clusters  A  and  C  in  Figure  156,  the  corrected 
time  for  10^  counts  would  be  (350)(0.3)  ■  100  sec.,  which  is  reasonably  con¬ 

sistent  with  the  count  period  values  obtained  for  the  5 /^spheres. 

8.  SAMPLE  DILUTION 


a.  Lubricant  sample  dilution  is  a  prime  factor  under  ferrographic  an¬ 
alysis.  A  discussion  of  this  topic  is  presented  below. 

b.  The  effect  of  sample  dilution  has  been  studied  by  using  particles 
obtained  from  an  oil  sample  from  a  jet  engine.  The  purpose  was  to  determine  the 
quantitative  capability  for  sizing  particles  through  the  Ferrograph  method. 

After  initial  evaluation,  the  Ferrogram  was  washed  carefully,  removing  and  re¬ 
covering  all  the  particles.  They  were  then  placed  in  fresh  oil  at  a  5:1  di¬ 
lution  relative  to  the  original  sample  and  a  second  Ferrogram  was  made.  The 
ratio  of  initial  deposit  volume  was  6.6  and  the  percent  area  coverage  ratios  at 
54  mm  and  50  mm  were  6.3  and  7.1  respectively.  These  ratios  are  to  be  compared 
to  the  dilution  ratio  5.0.  Porous  silica  spheres  of  diameter  5  +  1  ^ra  were 
obtained  and  impregnated  with  nickel  to  serve  as  ferromagnetic  particles  of 
known  size,  shape,  and  magnetic  moment.  Oil  samples  containing  these  spheres 
were  prepared  at  two  concentrations  having  a  ration  10:1.  Ferrograms  prepared 
from  these  oil  samples,  Figure  157,  had  an  initial  volume  ratio  of  11  and  a 
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percent  area  coverage  ratio  of  8.3  at  54  ran.  These  results,  Table  41,  suggest 
that  quantitative  comparisons  of  Ferrograph  response  can  be  made  in  some  cases 
to  a  precision  of  about  30%  (depending  on  the  actual  particle  distributions 
involved) . 

c.  Oil  samples  containing  a  mixture  of  5  /jn  diameter  and  di¬ 

ameter  Ni  impregnated  Si02  spheres  have  been  passed  through  the  Ferrograph  in 
order  to  evaluate  the  instrument  characteristics  on  a  particle  mixture  contain¬ 
ing  two  principal  sizes.  Figure  158  shows  some  details  of  the  particle  strings 
obtained  using  this  mixture.  The  tendency  for  small  particles  (^l^m)  to  de¬ 
posit  next  to  larger  particles  is  shown.  Other  mixtures  including  SiO£  spheres 
(without  nickel)  also  have  been  studied  in  order  to  examine  the  Ferrograph  re¬ 
sponse  to  nonmetallic  abrasive  particles.  It  is  found  that  particle  size  dif¬ 

ferentiation  is  good  on  the  Ferrogram;  only  rarely  are  the  larger  particles 
found  below  the  entry  deposit  as  long  as  the  proper  sample  dilution  is  used. 
However,  frequently  small  particles  are  present  in  the  entry  deposit.  The  non¬ 
metallic  spheres  are  generally  found  outside  of  the  strings  of  metal  spheres 

although  some  association  with  metal  spheres  in  the  strings  has  been  observed, 

possibly  as  a  result  of  aggregation  in  the  oil.  The  great  majority  of  nonme¬ 
tallic  spheres  do  not  deposit  on  the  Ferrogram. 

d.  Metal  powders  of  iron,  nickel,  and  stainless  steel  (size  3  to  40 
jum)  was  obtained  in  order  to  extend  the  Ferrograph  evaluation  to  nonspherical 

particles  and  to  other  metals.  A  greater  tendency  for  small  particles  to  de¬ 
posit  near  the  entry  region  is  found  when  using  these  irregularly  shaped  parti¬ 
cles  than  when  only  employing  spherical  particles.  Figure  159  A  and  B  shows 
this  effect  with  a  mixture  of  30  Ni  and  3  yu.m  Fe  particles.  A  study  of 
these  simulated  debris  samples  involving  filtration  through  Nuclepore  filters 
(  1  u.m)  has  confirmed  the  degree  of  selection  obtained  between  metallic  and 

nonmetallic  particles  using  the  Ferrograph,  Figure  159  C  and  D.  Ratios  of  1:1 
and  40:1  in  volume  of  particles  present  in  these  two  classes  have  been  used  in 
the  samples  studied. 
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FERROGRAM  OF  A  MIXTURE  OF  30/Un  Ni  PARTICLES 
AND  3yU.m  Fe  PARTICLES.  ENTRY  DEPOSIT  REGION 
CONTAINS  ALL  LARGE  PARTICLES.  MANY  SMALL 
PARTICLES  ARE  ALSO  PRESENT. 


DETAILS  IN  ENTRY  DEPOSIT.  LARGE  Ni  PARTICLES 
IDENTIFIED  AT  ARROWS.  SMALL  Fe  PARTICLES  FROM 
END  OF  STRING  AT  BOTTOM. 


FIGURE  159 
SIZE  DISCRIMINATION 
(Sheet  1  of  2) 
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OIL  SAMPLE  CONTAINING  EQUAL  VOLUME  MIXTURE  OF 
5yuua  Si02  SPHERES  AND  3 /*n  Fe  PARTICLES,  FILTERED 
THROUGH  lyxm  NUCLEPORE  FILTER. 


D. 

FERROGRAM  OF  AN  EQUAL  VOLUME  MIXTURE  OF 
Si02  SPHERES  AND  3 /Am  Fe  PARTICLES.  FOUR  Si02 
SPHERES  ARE  SEEN  IN  THIS  REGION. 


FIGURE  159 
SIZE  DISCRIMINATION 
(Sheet  2  of  2) 
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9.  FERROGRAM  STORAGE 


a.  Ferrogram  storage  is  another  element  under  Ferrographic  technology 
worthy  of  discussion.  A  description  of  storage  variables  covered  under  this 
program  is  sumnarized  in  the  following  paragraphs. 

b.  Ferrograms  were  exposed  to  ammonia  fumes  and  high  relative  humidity 
to  determine  the  influence  of  a  chemical  environment  on  the  life  of  ferrograms 
and  oil  samples. 

(1)  Exposure  to  ammonia.  Duplicate  Ferrograms  were  prepared  from 
a  MIL-L-23699  used  oil  sample.  One  Ferrogram  was  stored  under  normal  ambient 
conditions.  The  second  Ferrogram  was  exposed  at  room  temperature  successively 
to  a  hydrous  ammonia  gas,  then  strong  ammonia  fumes  from  a  solution  of  ammonium 
hydroxide.  Each  of  these  Ferrogram  exposures  lasted  for  three  days  in  a  special 
gas-tight  chamber.  No  differences  were  found  in  the  appearance  of  the  Ferrogram 
exposed  to  ammonia  and  the  one  stored  under  normal  conditions. 

(2)  Exposure  to  high  relative  humidity  conditions.  Ferrograms 

in  duplicate  were  prepared  froma  MIL-L-23699  used  oil  samples.  The  resulting 
Ferrograms  contained  a  typical  distribution  of  rubbing  wear  particles  (particles 
from  the  shear  mix  layer).  One  Ferrogram  was  stored  under  normal  ambient  conditions, 
the  other  was  placed  in  a  humidity  chamber  at  90%  -  95%  relative  humidity  for 
a  period  of  seven  days.  No  obsrevable  difference  could  be  found  between  this 
Ferrogram  and  the  one  stored  under  normal  conditions  for  the  same  preiod  of 
time. 


(3)  Resistance  to  oxidation.  The  resistance  of  rubbing  wear  particles 
to  oxidation  has  been  known  for  several  years.  However,  it  is  difficult  to 
explain  the  much  greater  resistance  to  oxidation  of  the  particles  compared 
with  the  steel  from  which  they  were  generated.  The  52100  and  1018  steels  from 
which  they  were  generated  oxidize  readily  in  a  humidity  chamber.  Two  hypotheses 
have  been  put  forward  to  explain  the  particles  resistance  to  oxidation. 
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(a)  The  particles  are  so  small  that  differences  in  the  material 
composition  over  the  particle  surface  is  negligible.  Electrochemically  induced 
oxidation  would,  therefore,  be  suppressed. 

(b)  The  shear  mix  layer  contains  organics  and  oxides  as  well  as 
the  metal.  If  polymers  generated  by  the  oil  were  folded  into  the  shear  mix 
layer  by  the  shearing  motions  on  the  surface  (curl>0),  protective  films  would 
be  present  on  the  surface  of  the  particles.  The  view  that  an  organic  protec¬ 
tive  film  plays  a  part  is  supported  by  the  fact  that  heating  ferrograms  above 
330°C  on  a  hot  plate,  oxidizes  the  particles. 

10 .  FERROGRAPHY  SEVERITY  OF  WEAR  INDEX 


a.  Wear  monitoring  of  a  system  or  equipment,  as  stated  early,  is  per¬ 
formed  by  the  trending  of  analysis  data  over  time.  One  such  trending  parameter 
developed  under  Ferrography  is  the  severity  of  wear  index. 

b.  Numerical  density  readings  can  be  obtained  from  a  Ferrogram  by  the 
use  of  a  densitometer  in  conjunction  with  a  bichromatic  microscope.  The  read¬ 
ings  are  expressed  as  the  percent  area  covered  by  the  particles  in  a  field  of 
view  normally  1.2  mm  in  diameter.  The  recommended  locations  for  taking  density 
readings  are  at  the  region  of  maximum  coverage  near  the  entry  point  (larger  than 
5/*.m  particle)  of  the  fluid  onto  the  Ferrogram  (approximately  55  mm  from  the 
exit  of  the  Ferrogram)  and  at  a  point  50  mm  (corresponding  to  particles  in  the 
2-5/o.m  range)  from  the  exit  of  the  Ferrogram.  These  locations  correspond  to 
regions  representative  of  two  size  ranges  of  particles  as  described.  In  this 
case,  the  readings  have  been  assigned  the  terms  and  Ag  respectively. 

c.  Ferrograph  analyzers  are  designed  such  that  all  the  large  particles 
of  ferromagnetic  composition  are  precipitated  at  or  near  the  entry  point  while 
the  majority  of  2-5>cm  particles  are  precipitated  at  or  before  the  50  mm  point. 
Ferrograph  analyzers  do  not  prevent  the  early  precipitation  of  small  particles. 
What  the  analyzers  achieve  is  the  ii  ^sition  of  higher  sinking  velocities  on 
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larger  particles.  This  results  in  a  point  on  each  Ferrogram  prior  to  which  all 
particles  of  a  given  size  will  have  precipitated.  The  larger  the  particle  size 
the  closer  to  the  entry  region  is  the  corresponding  point  for  that  particle 
size.  These  cutoff  points  are  of  course  subject  to  variables  such  as  fluid 
viscosity,  local  magnetic  field  variations,  particle  shape,  and  particle  mag¬ 
netic  susceptibility. 

d.  The  normal  wear  process,  i.e.,  the  wear  mode  associated  with  smooth 
stable  surfaces  generates  particles  with  a  maximum  size  cf  lS^m,  the  majority 
of  which  are  2/*.m  or  less.  Any  abnormal  wear  mode,  i.e.,  any  wear  mode  that 
significantly  reduces  the  potential  life  of  a  wear  surface,  generates  a  particle 
distribution  with  a  maximum  size  greater  than  15/^m.  The  actual  maximum  size  is 
dependent  on  the  wear  mode. 

e.  In  view  of  the  above  discussion  it  is  understandable  that  for  a 
normal  wear  process,  the  value  at  would  be  similar  to  Ag.  Usually  A^  is 
slightly  greater  than  As.  However,  if  a  severe  wear  mode  develops,  the  value  of 
Al  will  be  significantly  larger  than  Ag.  Consequently,  the  parameter  (Al  -  Ag) 
may  be  used  as  an  indication  of  abnormality. 

f.  The  onset  of  an  abnormal  wear  mode  usually  results  in  a  significant 
increase  in  the  quantity  of  wear  debris.  Consequently,  either  of  the  terms  AL 
or  (A^  +  Ag)  may  be  used  as  an  indication  of  this  factor. 

g.  As  a  single  parameter  that  is  sensitive  to  the  onset  of  severe  wear 
the  product  of  (Al  +  Ag)  (quantity)  and  (Al  -  Ag)  (severity)  may  be  used.  This 
parameter,  termed  the  SEVERITY  OF  WEAR  INDEX,  is  denoted  as  SA  based  on  readings 
of  a  Ferrogram. 

Now  (Al  +  Ag)  (Al  —  Ag)  M  Al^  -  Ag^ 

Therefore,  SA  »  Al^  -  Ag^ 
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h.  Since  different  machine  lubrication  systems  exhibit  extreme  vari¬ 
ations  in  both  particle  distribution  and  quantitative  level  it  is  not  feasible 
to  assign  absolute  levels  to  these  parameters,  the  user  must  establish  what  the 
normal  running  values  are  for  each  of  the  systems  that  he  intends  to  monitor. 

To  obtain  the  best  sensitivity,  the  normal  running  values  of  Al  should  be  in  the 
range  10-40.  Should  the  users  normal  running  values  be  higher  than  this  then 
the  oil  sample  must  be  diluted.  Conversely,  if  the  readings  are  too  low,  a 
larger  volume  of  sample  must  be  used. 

i.  It  is  recommended  that  two  parameters  be  monitored  for  each  system. 
(A^  +  Ag)  as  an  indicator  of  the  general  level  of  wear  and  SA  as  an  indicator  of 
the  severity  of  the  wear.  (Al  ♦  Ag)  is  also  used  to  detect  certain  noncatastro- 
phic  wear  modes  such  as  excessive  rubbing  wear  and  some  types  of  oxidative  wear. 
On  the  other  hand,  the  index  SA  is  used  to  indicate  the  onset  of  a  severe  wear 
mode  that  will  quickly  result  in  failure. 

j.  This  severity  of  wear  index  is  quite  controversial  and  its  exact 
numerical  representation  could  vary  between  laboratories. 

11.  ELEMENTS  OF  OIL  ANALYSIS  VERSUS  FERROGRAPHY 


a.  Oil  analysis  is  based  on  four  elements  that  a  successful  analysis 
must  determine.  These  four  elements  are: 

(1)  Quantity  or  total  number  of  particles 

(2)  Size  distribution  of  total  number  of  particles 

(3)  Composition  or  elemental  analysis  of  particles 

(4)  Particle  morphology 

b.  Considering  these  four  elements  and  the  Ferrography  system,  the 
following  observations  are  noted: 

(1)  The  quantity  or  total  number  of  particles  indicates  where  the 
wearing  system  is  in  its  life.  Typically  the  total  number  of  particles  in¬ 
creases  rapidly  to  a  high  value,  then  drops  and  levels  off  to  a  relatively  con¬ 
stant  value,  and  finally  increases  rapidly  prior  to  failure.  This  description 


436 


NAEC-92-153 


represents  wear-in,  normal  wear,  and  wear-out,  respectively,  during  the  life  of 
a  wearing  system. 

(2)  The  Ferrography  system  incorporates  a  densitometer  in  the  bi- 
chromatic  microscope.  Density  readings  of  large  particles  (5^un  and  larger,  A^) 
and  the  density  of  small  particles  (2jU.m  to  5^um  range,  Ag)  are  representative 
of  the  quantity  of  particles  present.  AL  and  Ag  may  be  monitored,  separately  or 
combined,  throughout  the  wear  system  life  to  determine  the  first  element  of  oil 
analysis. 


(3)  The  second  element  of  oil  analysis  is  a  determination  of  the 
size  distribution  of  the  total  number  of  particles.  Generally,  the  ratio  of 
large  to  small  particles  assumes  a  high  value  during  wear-in,  decreases  to  a 
smaller  value  during  normal  wear,  and  finally  increases  to  a  value,  greater  than 
during  wear-in,  during  wear  out  or  abnormal  wear. 

(A)  The  Ferrography  system  densitometer  gives  density  readings,  A^. 
and  Ag,  that  are  indicative  of  quantity.  Trending  of  the  density  readings  with 
respect  to  time  serves  to  monitor  the  quantity  of  large  and  small  particles. 

The  trending  of  the  ratio  of  large  to  small  particles  is  directly  related  to 
these  density  readings.  This  data  is  sufficient  to  monitor  the  trend  in  size 
distribution  of  the  total  number  of  particles. 

(5)  The  severity  of  wear  index,  S^,  is  a  second  Ferrography  indi¬ 
cator  of  particle  size  distribution.  One  half  of  the  equation  for  severity  of 
wear  is  an  indicator  of  wear  severity  in  the  wearing  system.  The  second  half  of 
the  equation  considers  the  quantity  of  particles.  Multiplied  together,  the 
equation  is  weighted  to  consider  the  distribution  of  particles. 

(6)  The  third  element  of  oil  analysis  is  composition  or  elemental 
analysis  of  the  particles.  The  Ferrography  system  offers  a  number  of  approaches 
to  this  element.  First,  the  optical  properties  of  the  particles,  observed  with 
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Che  bichromacic  microscope,  are  an  indication  of  particle  composition.  Second 
the  use  of  polarized  light  with  a  crossed  analyzer,  highlights  the  color  of  some 
particles.  Also,  depolarization  of  this  polarized/analyzed  light  gives  an  indi¬ 
cation  of  the  crystal  structure  of  some  particles  which  reflects  composition. 

Third,  the  use  of  bichromatic  light  (red  reflected  light  and  green  transmitted 
light)  is  an  aid  in  distinguishing  between  metallic  and  nonmetallic  particles. 
Fourth,  a  Ferrogram  can  be  heated  and  the  resultant  temper  colors  observed  with 
the  microscope.  The  temper  colors  are  indicative  of  particle  composition.  Finally, 
the  magnetic  separation  approach,  employed  by  ferrography  serves  as  a  descrimi- 
nator  between  magnetic  and  non-magnetic  debris  and  thus  serves  as  an  indicator 
of  composition. 

(7)  Despite  these  techniques  for  determining  particle  composition, 
the  Ferrography  system  does  not  have  an  exact  qualitative  capability.  However, 
in  many  situations  the  Ferrography  system  qualitative  capability  is  adequate. 

The  capability  can  be  supplemented  with  an  X-ray  analysis  system  such  as  an 
energy  dispersive  X-ray  (EDX)  spectrometer. 

(8)  The  fourth  element  of  oil  analysis  is  particle  morphology.  Par¬ 
ticle  morphology  is  important  in  assessing  the  wear  mode  of  the  wearing  compo¬ 
nent.  The  Ferroscope,  an  optical  microscope,  with  a  magnification  of  approxi¬ 
mately  100X  to  1000X  is  capable  of  studying  particle  morphology. 

(9)  Should  a  higher  magnification  of  particles  be  needed,  the  scan¬ 
ning  electron  microscope  can  be  used  to  supplement  the  morphological  characteri¬ 
zation  of  particles  (done  with  the  Ferroscope). 

12.  FERROGRAPHY  OBSERVATIONS.  Several  different  Ferrographic  approaches  to 
the  study  of  metal  wear  particles  using  microscopy  and  diffraction  techniques 
have  been  evaluated  under  this  program.  Principal  observations  are  as  follows: 

a.  The  Ferrography  technique  can  reliably  extract  ferromagnetic  wear 
particles  from  a  lubricating  oil  sample  and  deposit  the  particles  on  a  substrate 
suitable  for  microscope  examination. 
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b.  The  particles  are  deposited  so  that  smaller,  lower  magnetic  moment 
particles  are  on  the  average  located  further  from  the  entrance  end  of  the  Fer- 
rogram.  The  physical  sizes  of  the  particles  may  deviate  by  a  factor  of  5  within 
one  particle  string,  due  to  local  magnetic  field  gradients. 

c.  Nonmagnetic  particles  are  found  randomly  deposited  on  the  Ferrogram, 
generally  not  within  the  strings  of  magnetic  particles.  However,  examples  have 
been  found  of  particles  containing  a  small  proportional  amount  of  iron  located 
in  such  strings.  The  iron  content  may  be  transferred  magnetic  wear  metal  in 
some  cases. 

d.  The  glass  substrate  Ferrogram  can  be  examined  it>  the  SEM  after  over¬ 
coating  with  about  200A  of  carbon.  (Carbon  precoated  glass  slides  can  be  used 
in  the  Ferrograph  and  examined  without  overcoating.)  Care  must  be  taken  with 
such  preparations  or  particles  may  be  dislodged  during  handling. 

e.  The  particle  density  within  the  strings  is  too  great  for  certain 
analyses.  Particle  sizing  and  shape  classifying  would  not  be  possible.  X-ray 
emission  analysis  is  complicated  by  excitation  or  absorption  by  neighboring 
particles.  Techniques  for  recovering  particles  of  interest  from  a  Ferrogram 
after  dilution  and  redeposition  of  the  particles  on  suitable  substrates  can 
probably  be  developed. 

f.  X-ray  emission  analysis  of  individual  particles  by  electron  beam 
excitation  can  be  conducted.  Many  precautions  are  noted  that  must  be  considered 
in  such  studies.  Semi-quantitative  analysis  requires  corrections  for  substrate 
and  neighboring  particle  effects. 

g.  Spheroidal  particles  have  been  observed  in  nearly  all  oil  samples 
examined,  including  both  gear  wear  and  bearing  wear  samples.  Typically  from  one 
to  five  spheroids  may  be  found  on  one  Ferrogram,  i.e.,  a  very  small  proportion 
of  all  wear  particles.  The  surfaces  of  those  particles  are  relatively  smooth  in 
nearly  all  cases.  X-ray  analysis  has  proven  that  the  small  (^.5  /im)  spheroids 
usually  produce  only  an  iron  emission  line.  Larger  spheroids  have  been  identified 
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as  having  significanC  concentrations  of  other  elements  and  may  be  oxides,  sili¬ 
cates,  etc.  Some  of  the  larger  ( >5  y«n)  spheroids  may  be  partially  composed  of 
organic  materials. 

13.  ADVANTAGES  AND  DISADVANTAGES  OF  FERROCRAPHY .  Probably  the  most  impor¬ 
tant  aspect  of  this  discussion  is  the  following  summary  of  disadvantages  and 
advantages  of  Ferrographic  Technology  based  on  Oil  Analysis  Program  experience. 

a.  Disadvantages 

(1)  Nonmetal lie  and  nonmagnetic  particles  are  randomly  placed  on  the 
Ferrogram  or  not  picked  up  at  all.  Nonmetallic  and  iron  magnetic  particles  may 
contribute  to  the  wear  progression  of  a  wearing  system.  However,  when  the  non¬ 
metallic  and  nonmagnetic  particles  are  not  truly  represented  on  a  Ferrogram 
sample,  it  is  difficult  to  assess  the  wear  situation.  A  representative  pre¬ 
sentation  of  these  particle  types  would  help  clarify  the  wear  situation. 

(2)  Limited  material  identification  capability  is  available.  The 
use  of  illumination  techniques  and  temper  colors  allows  for  gross  composition 
analysis  of  particles.  State-of-the-art  techniques  for  these  two  methods  does 
not  permit  precise  composition  determination. 

(3)  Considerable  time  is  spent  preparing  and  analyzing  samples. 

(a)  In  order  to  make  a  Ferrogram  that  yields  density  readings  in 
the  linear  range  (density  reading  versus  sample  oil  volume  across  slide)  it  is 
often  necessary  to  dilute  the  sample.  The  required  dilution  is  determined  by 
trial  and  error.  This  is  time  consuming.  Also,  the  quality  of  the  Ferrogram  is 
dependent  on  the  care  taken  in  making  it.  Lack  of  care  can  result  in  the  remak¬ 
ing  of  a  slide. 
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(b)  To  analyze  a  slide  requires  a  technician  to  assess  the  par¬ 
ticles  on  a  Ferrogram  under  various  illuminations,  magnifications,  and  to  take 
density  readings.  Morphological  characterization  of  the  particles  requires  the 
technician  to  objectively  distinguish  the  particle  types  present  and  interpret 
any  other  information  he  may  read  from  the  Ferrogram,  based  on  his  objective/ 
subjective  combination  of  slide  data  with  supplemental  data  supplied  with  the 
sample . 


(c)  The  Ferrogram  analysis  requires  technician  experience,  tech¬ 
nique,  and  time  to  gain  useful  data. 

(4)  High  relative  costs  for  materials,  preparation,  and  analysis. 

The  considerable  time  spent  preparing  and  anayzing  samples  results  in  consider¬ 
able  corresponding  costs.  Materials  or  the  sample  kit  required  for  the  analysis 
is  relatively  costly. 

(5)  Considerable  operator  training  and  experience  is  necessary.  In 
order  to  effectively  use  the  Ferrograph  Analyzer,  densitometer,  and  bichromatic 
microscope  extensive  training  of  the  operator  is  required.  After  this  training, 
the  operator  must  gain  experience  in  reading  a  Ferrogram,  which  is  necessary  to 
allow  the  technician  to  take  the  basic  mechanics  of  Ferrography  and  tailor  them 
to  the  specific  and  unique  case  at  hand. 

(6)  Ho  equipment  calibration  is  available.  There  is  no  calibration 
available  to  insure  the  integrity  of  the  entire  Ferrography  system  before  usage. 

(7)  Repeatability  of  ferrography  is  questionable.  Major  shortcomings 
that  were  identified  with  respect  to  analytical  ferrography  repeatability  are  as 
follows: 
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(a)  The  Ice  pipeCCes  provided  with  Ferrogram  kits  are  not  cali¬ 
brated.  The  1  cc  of  fluid  delivered  is  only  somewhere  in  the  "ballpark"  of  1 
cc.  This  results  in  substantial  variation  in  volume  of  sample  liquid  and  fixer 
when  preparing  a  sample  for  a  Ferrogram.  Variation  problems  can  be  corrected  by 
using  calibrated  pipettes.  They  should  be  used  only  once  and  thoroughly  cleaned 
if  to  be  reused.  This  problem  has  since  been  corrected  by  the  manufacturer. 

(b)  Ferrography  peristaltic  pumping  rates  vary  considerably. 

The  varying  pump  rate  is  dependent  on  the  inside  diameter  and  outside  diameter 
of  the  utilized  turret  tube.  It  is  difficult  to  precisely  control  the  turret 
tube  inside  diameter  and  the  interaction  of  the  tube  and  the  pump  itself,  noting 
that  sample  fluid  was  run  across  the  Ferrogram  according  to  time.  The  problem 
can  be  corrected  by  running  the  entire  volume  of  liquid  in  the  prepared  sample 
bottle  across  the  slide.  This  action  bypasses  the  problems  due  to  turret  tube 
inside  diameter  and  outside  diameter  affecting  pump  rate.  This  problem  has 
since  been  partially  corrected  by  changing  from  a  time  to  volume  basis  as  recom¬ 
mendation  and  also  tightening  the  specifications  on  the  delivery  tubing.  How¬ 
ever,  pump  characteristics  vary  considerably  from  equipment  to  equipment  with 
respect  to  pumping  rate. 

(c)  The  linearity  of  Ferrogram  density  readings  to  allow  for 
comparison  between  Ferrograms  was  a  questionable  area.  Could  the  densities  of 
two  different  Ferrograms  be  compared  to  trend  results  over  time  associated  with 
each  Ferrogram?  The  problem  was  addressed  by  Oklahoma  State  University.  OSU 
determined  that  density  readings  are  linear  with  respect  to  the  volume  of  liquid 
pumped  across  the  Ferrogram  as  long  as  the  density  readings  do  not  exceed  402 
(above  which  is  the  nonlinear  range).  It  is  to  be  noted  that  there  is  a  minimum 
acceptable  density  usually  taken  to  be  10%.  This  problem  has  since  been  mini¬ 
mized  by  adjusting  sample  dilution  in  order  to  fall  within  the  linear  density 
range . 


(d)  The  shift  of  the  Ferrography  entry  deposit  is  another  prob¬ 
lem  area.  The  shift  of  the  entry  deposit  depends  on  the  extension  of  the  turret 
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Cube  from  Che  Currec  Cube  holder  and  Che  exacC  positioning  of  Che  Ferrogram  on 
Che  Ferrography  Analyzer.  This  shifc  results  in  high  or  low  density  readings 
being  reported  for  Che  entry  deposic. 

(e)  No  standardized  procedure  was  available  for  ferrography 
sample  preparation.  The  problem  has  been  eliminated  through  Che  development  of 
a  standardized  procedure,  reference  (ss). 

b.  Advantages 

(1)  Gross  size  distribution  data  is  presented.  Density  readings,  A^ 
and  Ag>  are  typically  taken  and  are  representative  of  the  quantity  of  large  and 
small  particles.  This  data  also  gives  an  indication  of  the  size  distribution  of 
particles. 


(2)  Particle  morphology  can  be  easily  studied.  The  Ferrograph  An¬ 
alyzer  separates  the  sample  oil  from  the  sample  debris,  flushes  any  oil  adhering 
to  the  debris,  and  chemically  affixes  Che  debris  to  the  glass  slide  or  Ferro¬ 
gram.  The  debris  is  conveniently  displayed  on  a  glass  slide  for  examination 
with  an  optical  microscope  (Ferroscope) .  Note  that  the  particle  debris  has  also 
been  classified  from  large  to  small  from  the  entry  deposit  to  the  exit  deposit 
respectively. 

(3)  Gross  total  quantity  of  debris  is  easily  obtained.  Density 
readings  representative  of  large  particles  and  small  particles  are  indicative  of 
the  gross  total  quantity  of  debris.  These  readings  can  be  trended  over  a  series 
of  Ferrograms  to  assess  the  status  of  the  wear  system. 

(A)  Metallic  and  nonmetallic  particles  can  be  distinguished.  With 
the  bichromatic  microscope,  a  combined  illumination  of  red  reflected  light  and 
green  transmitted  light  can  be  used  to  analyze  the  Ferrogram.  Metallic  parti¬ 
cles  will  reflect  the  red  light  and  appear  red.  The  nonmetallics  will  transmit 
the  green  light  in  various  degrees  resulting  in  a  yellow  or  greenish  appearance. 


(5)  Limited  material  identification  can  be  made.  Use  of  illumina¬ 
tion  techniques  and  temper  colors  allows  for  gross  composition  analysis  of  par¬ 
ticles  on  the  Ferrogram.  In  this  manner,  the  composition  data  of  the  particles 
can  be  enhanced  by  the  morphological  character  of  particles.  All  this  data  is 
integrated  with  information  about  the  wear  system  (i.e.  material  survey  data). 

(6)  Ferrography  can  indicate,  although  qualitatively,  all  four  prime 
wear  debris  characteristics:  quantity,  size  distribution,  composition,  and  mor¬ 
phology. 

H.  INTERRUPTED  TESTING.  As  discussed  in  Section  V,  bearing  testing  consisted 
of  both  interrupted  and  noninterrupted  test  sequences.  Several  bearings  of  both 
the  roller  and  ball  bearing  groups  where  periodically  disassembled  in  order  to 
monitor  surface  wear  progression.  It  appears  from  debris  analysis  data  that 
dismantling  and  reassembling  a  test  ball  bearing  frequently  results  in  the  c- 
currence  of  a  new  wear- in/break-in  period.  Figure  160  represents  density  read¬ 
ings  of  large  debris  over  the  life  of  a  bearing.  This  graph  indicates  high 
density  readings  subsequent  to  some  of  the  periodic  bearing  examinations.  As  a 
result,  these  tests  have  shown  that  from  a  wear  point  of  view,  the  dismantling 
of  machinery  for  visual  inspection  may  be  a  detrimental  technique.  Conclusions 
regarding  the  influence  on  the  wear  lives  of  the  bearings  cannot  be  drawn  from 
this  limited  test  sample.  Roller  bearing  dismantling  and  reassembly  did  not 
result  in  a  significant  wear-in  reocurrence. 

I.  IMPROVED  OIL  ANALYSIS  APPROACH 

1.  GENERAL 

a.  The  following  discussion  will  deal  with  the  development  of  an  im¬ 
proved  approach  to  oil  analysis  based  on  program  test  results. 
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b.  As  previously  mentioned  in  this  document,  wear  particle  analysis 
technology  is  based  on  the  premise  that  debris  generated  during  a  wear  process 
can  serve  to  reflect  surface  conditions  present  in  the  respective  process.  As  a 
result,  the  analysis  of  wear  debris  can  be  utilized  as  a  nondestructive  indica¬ 
tor  of  system/process  surface  wear  condition.  In  the  case  of  lubricated  compo¬ 
nents,  this  debris  is  picked  up  and  carried  by  the  lubricant  thus  wear  particle 
analysis  is  sometimes  referred  to  as  oil  analysis. 

c.  Based  on  tests  performed  under  the  Oil  Analysis  Program,  four  criti¬ 
cal  wear  debris  characteristics  have  been  identified  as  reflecting  surface  wear 
conditions.  These  characteristics  are:  debris  quantity,  size  distribution, 
composition,  and  morphology. 

d.  By  monitoring  the  above  four  parameters,  wear  particle  analysis 
technology  can  provide  information  as  to  system  wear  rate,  wear  severity,  wear 
components,  and  active  wear  modes  as  shown  in  Figure  161.  In  the  analysis  pro¬ 
cess,  it  is  impossible  to  assign  quantitative  assessment  criteria  for  each  param¬ 
eter,  for  every  system.  Analysis  determinations  have  to  be  based  on  a  compari¬ 
son  criteria.  Parameter  readings  must  be  compared  with  "normal"  readings  for  a 
particular  system.  An  effective  implementation  method  is  the  trending  of  each 
parameter.  Trending  will  reflect  pertinent  shifts  in  parameter  readings,  thus 
reflecting  a  system  wear  abnormality. 

2.  APPLICATIONS 


a.  A  systematic  attack  on  the  problem  of  machinery  wear  involves  both 
wear  prevention  and  wear  control.  Wear  prevention  is  implemented  by  optimizing 
the  wear  resistance  of  an  equipment  design.  This  design  effect  impacts  such 
aspects  as  materials,  lubricants,  additives,  tolerances,  filtration,  and  surface 
finish.  Wear  control  is  concerned  with  the  minimization  of  equipment  wear  rate 
(i.e.,  extension  of  wear  life).  This  control  approach  is  implemented  during 
equipment  manufacture,  quality  assurance,  operation,  and  maintenance. 
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b.  Wear  particle  analysis  technology  exhibits  numerous  effective  appli-  ^ 

cations  within  this  systematic  wear  attack.  The  five  major  applications  of  wear 

particle  analysis  are  as:  a  research  tool,  a  design  tool,  a  quality  assurance 
tool,  a  troubleshooting  tool,  and  a  health  monitoring  technique. 

c.  The  above  five  applications  can  be  utilized  for  oil,  hydraulic  fluid 

and  grease  lubricated  systems.  In  some  cases  these  applications  can  also  be 
utilized  for  dry  wear.  Although  these  areas  represent  fertile  areas  of  wear 
particle  analysis  utilization,  applications  are  not  restricted  solely  to  those 
mentioned.  ® 


d.  The  following  discussion  will  center  on  the  application  of  wear 
particle  analysis  as  a  wear  control  approach  or  as  an  equipment  health  moni¬ 
toring  technique.  • 

3.  HEALTH  MONITORING  DECISION  PROCESS.  In  order  to  effectively  implement 
any  health  monitoring  technique,  a  viable  decision  process  must  be  developed. 

The  following  discussion  will  summarize  a  projected  wear  particle  analysis  de-  ft 

cision  process. 

a.  Elements.  The  projected  decision  process  required  for  wear  particle 
analysis  implementation,  consists  of  four  elements:  detection,  diagnosis,  prog-  P 

nosis,  and  prescription. 

(1)  Detection.  The  detection  element  provides  a  first  cut  or  pre¬ 
liminary  determination  as  to  the  health  of  a  machine  (i.e.,  is  the  machine  wear-  ^ 

ing  normally  or  abnormally?).  If  no  abnormalities  are  detected,  no  further  —  —  ; 

analysis  is  required  until  the  next  detection  sampling  interval.  If  an  abnor¬ 
mality  is  suspected,  the  next  step  of  the  decision  process  is  pursued. 

(2)  Diagnosis.  The  second  element  of  the  decision  process  serves  to  _  * 

further  clarify  the  machinery  wear  abnormality.  It  provides  a  determination  as 

to  what  machine  component(s)  are  wearing  and  proceeds  to  define  what  wear  mode(s) 
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are  present.  Based  on  these  determinations,  the  analysis  process  is  transi¬ 
tioned  to  the  next  decision  element. 

(3)  Prognosis.  The  prognosis  element  of  the  decision  process  serves 
to  define  the  course  of  the  machine  wear  abnormality.  It  provides  a  prediction 
of  residual  life  (time  until  failure)  based  on  wear  severity,  wear  component, 
and  respective  wear  mode. 

(4)  Prescription.  The  last  element  of  the  analysis  process  serves 
to  define  a  course  of  corrective  action.  It  provides  maintenance  recommenda¬ 
tions  based  on  residual  life,  wearing  component,  and  respective  wear  modes. 

b.  Parameters.  Technical  feasibility  of  this  decision  process  relies 
on  the  ability  of  wear  particle  parameters  to  reflect  wear  abnormalities  and 
abnormality  ramifications.  Based  on  wear  particle  analysis  research,  the  fol¬ 
lowing  marriage  of  decision  elements  and  wear  particle  parameters  have  been 
developed. 


(1)  Detection.  As  indicated  above,  the  purpose  of  the  detection 
element  is  to  provide  an  initial  determination  as  to  the  health  of  a  machine. 
Based  on  technology  research,  abnormal  wear  can  be  effectively  detected  by  moni¬ 
toring  both  wear  particle  quantity  and  size  distribution. 

(2)  Diagnosis.  Once  an  abnormality  has  been  detected,  it  is  the 
purpose  of  the  diagnosis  element  to  provide  information  as  to  the  source  and 
type  of  the  respective  wear  abnormality.  Again,  based  on  pertinent  technology 
research,  abnormal  wear  condition  clarification  can  be  accomplished  by  perform¬ 
ing  an  elemental  analysis  and  a  morphology  classification  of  the  respective  wear 
debris. 


(3)  Prognosis.  Prognosis  determinations  are  based  on  the  analysis 
and  interpretation  of  the  above  monitored  parameters.  Analysis  criteria  de¬ 
veloped  through  knowledge,  experience,  and  parameter  trending  of  individual 
equipment  types,  serve  to  drive  these  determinations. 
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(A)  Prescription.  As  in  the  prognosis  decision  element,  prescrip¬ 
tion  determinations  are  based  on  the  analysis  and  interpretation  of  previously 
mentioned  parameters.  Analysis  criteria  developed  through  individual  equipment 
experience  and  parameter  trending  also  drive  the  prescription  determinations. 

c.  Maintenance  Level 


(1)  Implementation  of  the  health  monitoring  decision  process,  re¬ 
quires  the  assignment  of  monitoring  responsibility  to  pertinent  maintenance 
levels.  The  detection  decision  element  should  be  implemented  at  the  first  line 
or  organizational  level  of  maintenance.  Abnormal  wear  detection  capability  will 
be  applied  either  in-line  with  respect  to  the  equipment  lubrication  system,  or 
off-line  in  the  general  vicinity  of  the  equipment.  Determination  as  to  in-line 
or  off-line  applications  will  be  based  on  equipment  cost  and  criticality  consi¬ 
derations.  Front  line  assignment  of  the  detection  element  serves  to  provide 
diagnostic  capability  to  the  first  line  maintenance  community,  provides  real 
time  wear  condition  monitoring,  minimizes  existing  sampling  problems,  eliminates 
a  substantial  portion  of  the  existing  oil  sampling  workload  (i.e.,  samples  are 
only  submitted  when  an  abnormality  is  detected),  and  will  thus  result  in  a  de¬ 
crease  in  the  number  of  required  centralized  oil  analysis  laboratory  facilities. 

(2)  The  diagnosis,  prognosis,  and  prescription  decision  elements 
should  be  implementd  at  a  centralized  facility  located  either  at  the  intermedi¬ 
ate  or  depot  maintenance  levels.  These  element  implementations  require  rela¬ 
tively  advanced  analysis  equipment,  advanced  operator  training,  and  a  developed 
equipment  wear  expertise.  Assignment  of  these  decision  elements  to  a  central¬ 
ized  location  will  serve  to  promote  these  requirments  as  well  as  optimize  fa¬ 
cility  utilization,  and  amortize  facility  costs  over  numerous  supported  oper¬ 
ating  facilities. 

(3)  The  total  wear  particle  health  monitoring  decision  process,  as 
described,  is  summarized  in  Figure  162. 
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FIGURE  162.  WEAR  PARTICLE  ANALYSIS  HEALTH  MONITORING  DECISION  PROCESS 
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4.  PROPOSED  HEALTH  MONITORING  EQUIPMENT.  Full  implementation  of  the  health 
monitoring  decision  process  requires  identification  of  specific  wear  particle 
analysis  equipment  capable  of  effectively  monitoring  the  pertinent  parameters  at 
the  specified  maintenance  levels.  Since  the  decision  elements  of  prognosis  and 
prescription  involve  no  required  monitoring  equipment,  this  discussion  will 
focus  on  the  elements  of  detection  and  diagnosis.  A  proposed  equipment  approach 
for  these  elements  is  as  follows: 

a.  Detection.  Detection  element  analysis  equipment  has  to  be  capable 
of  monitoring  wear  debris  quantity  and  size  distribution  at  the  first-line  main¬ 
tenance  level.  In  the  case  of  high  cost  and/or  critical  equipment,  this  moni¬ 
toring  capability  would  preferably  be  performed  in-line  in  the  respective  equip¬ 
ment  lubricant  system.  A  particle  counter  would  serve  to  meet  these  require¬ 
ments.  This  application  is  not  as  simple  as  it  appears,  however.  No  present 
particle  counter  has  thoroughly  demonstrated  required  operational  and  sensiti¬ 
vity  capability. 

b.  Diagnosis.  Diagnosis  element  analysis  equipment  has  to  be  capable 
of  monitoring  all  wear  debris  critical  parameters;  quantity,  size  distribution, 
composition,  and  morphology.  This  monitoring  effort  will  be  implemented  at  the 
intermediate  or  depot  maintenance  level.  No  existing  analysis  technique  will 
provide  this  total  required  capability,  thus  a  combination  of  techniques  need  to 
be  identified.  Three  types  of  analysis  equipment,  utilized  collectively,  will 
provide  necessary  capability.  These  equipments  are  a  particle  counter,  a  spec¬ 
trometer,  and  a  ferrography.  This  three  element  approach  is,  however,  only  an 
interim  solution.  A  new  analysis  technique  needs  to  be  developed  which  will 
exhibit  the  required  capabilities. 

(1)  Particle  Counter.  The  particle  counter  would  provide  informa¬ 
tion  as  to  wear  debris  quantity  and  size  distribution  and  would  be  the  labora¬ 
tory  equivalent  of  the  detection  unit  described  under  the  above  subparagraph. 
Laboratory  counters  are  presently  available  which  surpass  necessary  sensitivity 
and  operational  requirements  dictated  by  this  application. 
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(2)  Spectrometer.  Spectrometric  analysis  provides  data  as  to  the 
concentration  levels  of  present  wear  debris  elements.  This  information  would 
obviously  apply  to  the  wear  debris  analysis  parameters  of  quantity  and  compo¬ 
sition.  Laboratory  spectrometers  are  presently  available  which  satisfy  capa¬ 
bility  requirements  of  this  application  with  one  exception.  Present  instruments 
exhibit  an  insensitivity  to  the  analysis  of  large  debris  particles.  This  insen¬ 
sitivity,  although  undesirable,  does  not  present  a  major  shortcoming  when  the 
spectrometer  is  utilized  in  conjunction  with  the  other  two  proposed  analysis 
equipments. 


(3)  Ferrography.  The  ferrograph  is  a  relatively  new  wear  debris 
analysis  technique.  It  provides  a  combination  of  qualitative  and  quantitative 
assessments  of  wear  debris  quantity,  size  distribution,  composition,  and  mor¬ 
phology.  This  technique,  however,  is  primarily  attuned  to  the  analysis  of  fer¬ 
rous  wear  debris.  The  exhibited  atunement  is  a  result  of  the  magnetic  separa¬ 
tion  principles  that  are  employed  by  ferrography.  This  technique  is  presently 
available  for  laboratory  application. 

c.  Data  generated  from  the  above  three  equipments  is  analyzed  collec¬ 
tively.  Each  input  serves  to  reinforce  and/or  complement  the  other  inputs. 
Diagnostic  decisions  will  be  based  on  this  collective  data  analysis.  A  summary 
of  the  proposed  equipments  versus  parameter  capability  is  provided  in  Figure 
163. 


d.  The  equipment  proposed  in  this  discussion  serves  to  represent  one 
approach  to  wear  particle  analysis.  It  is  not  meant  to  infer  that  these  equip¬ 
ments  cannot  be  substituted  for,  or  supplemented  by,  other  types  of  pertinent 
analysis  equipment.  The  ultimate  capability  is  to  develop  an  analysis  technique 
that  could  indicate  all  four  debris  characteristics. 

3.  WEAR  DEBRIS  SAMPLING 


a.  As  previously  discussed,  a  critical  aspect  in  the  wear  particle 
analysis  approach  is  the  wear  debris  sample.  Care  must  be  taken  to  ensure  that 
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Che  analyzed  wear  debris  sample  is  representative  of  the  total  wear  debris  being 
generated  in  the  monitored  system. 

b.  In  the  case  of  oil  lubricated  components,  the  generated  wear  debris 
is  picked  up  by  the  oil  and  circulated  throughout  the  lubricant  system.  Sampling 
of  oil  borne  wear  debris  can  be  accomplished  by  either  an  in-line  or  off-line 
technique. 


c.  These  two  sampling  approaches  rely  heavily  on  the  fact  that  signifi¬ 
cant  wear  debris  is  picked  up  by  Che  lubricant  and  circulated  throughout  the 
lubrication  system.  A  prime  factor  affecting  this  debris  circulation  is  the 
lubricant  filter.  This  filter  is  designed  to  remove  debris  from  the  lubricant. 
Traditionally,  lubricant  filtration  has  been  relatively  course,  thus  uneffective 
in  removing  significant  wear  debris  from  the  lubricant.  Recently,  however, 
equipment  lubrication  filtration  has  been  improving.  This  improvement  is  being 
driven  by  the  realization  of  the  deliterious  accelerating  effects  of  lubricant 
borne  debris  on  the  system  wear  rate.  Improved  filtration  will  eventually  lead 
to  the  condition  where  significant  wear  debris  will  no  longer  be  circulating  in 
the  system;  it  will  be,  for  the  most  part,  entrapped  in  the  filter.  This  con¬ 
dition  will  tend  to  nullify  the  effectiveness  of  both  present  in-line  and  off¬ 
line  sampling  approaches.  Drastic  modifications  of  present  sampling  techniques 
will  have  to  be  developed  in  order  to  obtain  a  representative  wear  debris  sample 
from  a  highly  filtered  system. 

6.  HEALTH  MONITORING  EQUIPMENT 


a.  A  second  critical  aspect  in  the  wear  particle  analysis  approach  is 
the  analysis  equipment.  The  equipment  proposed  under  previous  sections  include 
an  in-line  particle  counter,  a  laboratory  particle  counter,  a  spectrometer,  and 
a  ferrograph. 

b.  In  order  to  fully  implement  this  proposed  equipment  approach,  sever¬ 
al  problems  have  to  be  overcome.  These  problems  fall  into  two  categories:  equip¬ 
ment  development  and  procedural  development. 
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(1)  Equipment  development  problems  involve  the  in-line  particle 
counter  and  the  spectrometer.  Lack  of  a  demonstrated  in-line  particle  counter 
with  required  application  durability  and  sensitivity,  creates  a  major  void  in 
the  proposed  analysis  approach.  Spectrometer  insensitivity  to  large  wear  par¬ 
ticles,  although  a  shortcoming,  presents  itself  as  less  of  a  severe  problem. 

Both  of  these  problem  areas,  however,  are  receiving  research  emphasis  and  should 
be  resolved  in  the  near  future. 

(2)  Equipment  procedural  problems  involve  analysis  equipment  repeat¬ 
ability.  Necessary  standardization  and  calibration  procedures  have  not  been 
developed  for  the  total  equipment  package.  This  situation  hinders  quantitative 
wear  debris  analysis  as  well  as  inter-laboratory  joint  monitoring  efforts.  Some 
standardization  efforts  are  presently  being  implemented;  however,  the  equipment 
calibration  area  requires  further  investigation. 

7.  WEAR  PARTICLE  ANALYSIS  INTERPRETATION 

a.  The  third  and  final  critical  wear  particle  analysis  aspect  is  analy¬ 
sis  interpretation.  Assuming  a  valid  sample  has  been  obtained  and  a  pertinent 
equipment  analysis  has  been  performed,  one  must  then  proceed  to  relate  generated 
data  to  the  respective  equipment  wear  condition.  This  process  involves  consider¬ 
able  interpretation  and  is  complicated  by  equipment  characteristics,  operating 
parameters,  and  operating  environment. 

(1)  Equipment  characteristics  will  have  a  decided  effect  on  the  four 
critical  monitored  parameters.  Such  characteristics  as  number  of  wearing  compo¬ 
nents,  equipment  materials,  lubricant,  lubricant  capacity,  and  filtration  level 
will  all  tend  to  complicate  wear  debris  analysis  results. 

(2)  Equipment  operating  parameters  will  also  affect  wear  debris 
parameters,  thus  wear  debris  analysis.  Parameters  such  as  load,  speed,  and 
operating  cycle  have  to  be  considered  in  the  wear  particle  interpretation  pro- 
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(3)  The  third  factor,  operating  environment,  can  affect  the  wear 
rate  of  the  respective  equipment  as  well  as  directly  contribute  to  the  oil  borne 
debris  circultated  by  the  equipment.  These  effects  will  futher  tend  to  distort/ 
complicate  wear  debris  analysis  results. 

b.  In  order  to  counter  these  interpretation  challenges,  one  must  rely 
on  a  combination  of  trending  techniques,  equipment  knowledge,  and  monitoring 
experience. 


(1)  Trending  of  monitored  parameters  will  serve  to  highlight  per¬ 
tinent  parameter  changes  with  respect  to  a  particular  equipment.  Parameter 
trending  as  opposed  to  parameter  threshold  limits,  will  tend  to  minimize  the 
distorting  effects  of  equipment  operating  parameters  and  operating  environment. 

(2)  An  in-depth  technical  knowledge  of  the  monitored  equipment  is 
very  advantageous  with  respect  to  wear  particle  analysis.  This  knowledge  is 
especially  useful  in  minimizing  the  complicating  effects  of  equipment  charac¬ 
teristics. 


(3)  Finally,  monitoring  experience  serves  to  fine  tune  wear  particle 
analysis  interpretation.  The  experience  factor  tends  to  minimize  all  three  of 
the  interpretation  distortion  elements.  This  factor  is  the  most  critical  in  any 
wear  particle  analysis  application. 

c.  In  order  to  implement  the  above  discussion,  and  thus  complete  the 
wear  particle  analysis  application  process,  the  following  approach  is  proposed. 
To  effectively  develop  interpretation  capability,  an  in-depth  knowledge  of  the 
monitored  equipment  must  first  be  acquired.  Once  acquired,  control  groups  of 
respective  equipment  must  be  established  and  monitored  on  a  trial  basis.  This 
trial  program  will  serve  to  establish  wear  trends  and  analysis  criteria.  Once 
developed,  these  trends  and  criteria  can  be  applied  to  the  total  inventory  of 
equipments  of  the  respective  type. 
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8.  WEAR  PARTICLE  ANALYSIS  HEALTH  MONITORING  PAYOFF 


a.  The  application  of  wear  particle  analyaia  as  a  health  monitoring 
technique,  exhibits  numerous  potential  advantages  over  present  oil  analysis 
techniques  (i.e.,  spec trorae trie  oil  analysis).  These  advantages  are  composed  of 
both  general  and  specific  elements  directed  at  the  operation  and  maintenance  of 
mechanical  equipeient.  General  advantages  include:  increased  availability, 
decreased  maintenance  cost,  increased  life,  and  increased  safety. 

b.  Specific  advantages  are  an  increased  monitoring  effectiveness  with  a 
decreased  sample  workload.  It  is  projected  that  monitoring  effectiveness  can  be 
raised  considerably  from  the  present  level  of  60Z.  By  utilization  of  the  detec¬ 
tion  approach,  laboratory  sample  analysis  workload  will  be  cut  down  by  approxi¬ 
mately  75Z.  This  decreased  sample  workload,  although  somewhat  offset  by  in¬ 
creased  individual  sample  analysis  requirements,  will  tend  to  decrease  the  num¬ 
ber  of  required  laboratories. 

c.  A  less  obvious  payoff  of  wear  particle  analysis  is  the  potential 
expanded  application  of  the  technology.  Hydraulic  and  grease  lubricated  compo¬ 
nent  diagnostics,  design  assistance,  quality  assurance,  and  troubleshooting  are 
a  few  of  the  potential  expanded  areas. 

d.  These  general  and  specific  wear  particle  analysis  payoffs  will  re¬ 
sult  in  substantial  time,  cost,  manpower,  energy,  and  material  savings  for  both 
the  governmental  and  industrial  communities. 
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VII.  CONCLUSIONS  AND  RECOMMENDATIONS 

A.  The  Oil  Analysis  Program,  as  a  result  of  its  broad  coverage,  has  generated 
numerous  conclusions  and  recommendations.  For  the  sake  of  clarity,  this  section 
will  be  subdivided  into  the  categories  of  Oil  Analysis,  Test  Ramifications,  and 
Analysis  Techniques. 

B.  CONCLUSIONS.  The  following  conclusions  have  resulted  from  the  Oil  Analysis 
Test  Program  and  subsequent  analysis. 

1 .  OIL  ANALYSIS 


a.  Present  oil  analysis  techniques  are  based  on  assumed  critical  parti¬ 
cle  characteristics  and  have  been  applied  by  trial  and  error  with  varying  effec¬ 
tiveness. 

b.  Wear  debris  particles  can  be  classified  into  12  main  categories: 
rubbing  wear,  cutting  wear,  fatigue  chunks,  laminar  particles,  spherical  parti¬ 
cles,  corrosive  wear  particles,  oxide  particles,  dark  metallo-oxide  particles, 
nonferrous  metallic  particles,  hybrid  particles,  nonmetallic  crystalline  par¬ 
ticles,  and  amorphous  particles. 

c.  Component  wear  life  can  normally  be  classified  into  three  distinct 
phases/ regimes;  wear- in/break- in,  normal  wear,  and  wear-out/abnormal  wear.  It 
is  not  true,  however,  that  all  components  transition  through  ail  three  phases. 

d.  Four  wear  particle  characteristics  are  critical  with  respect  to  oil 
analysis;  particle  quantity/concentration,  particle  size  distribution,  particle 
composition,  and  particle  morphology. 

e.  Wear  rate  and  thus  lubricant  borne  particle  concentration  level  usu¬ 
ally  follows  a  bathtub  curve  over  the  wear  life  of  an  oil  wetted  component. 
Relatively  high  generation  rates  are  present  during  component  wear-in  and  abnor¬ 
mal  wear  regimes.  This  concentration  level  is  affected  by  lubricant  addition  or 
deletion. 
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f.  The  component  wear-in  regime  results  in  the  generation  of  large  wear 
particles  and  thus  creates  a  relatively  high  ratio  of  large  to  small  particles 
in  the  lubricant  when  compared  to  the  normal  wear  regime. 

g.  Component  abnormal  wear  regimes  typically  result  in  the  generation 
of  large  wear  particles  and  thus  create  a  relatively  high  ratio  of  large  to 
small  particles  in  the  lubricant  when  compared  to  the  normal  wear  regime.  One 
exception  to  this,  is  gear  scuffing  wear  which  results  in  the  generation  of  an 
abundance  of  small  wear  particles.  This  regime  thus  creates  a  relatively  small 
ratio  of  large  to  small  particles  in  the  lubricant  when  compared  to  the  normal 
wear  regime.  This  ratio  is  not  affected  by  lubricant  addition  or  deletion. 

h.  Particle  morphology  serves  to  reflect  the  surface  wear  condition  of 
a  component.  Distinct  particle  shapes  can  be  associated  with  individual  compo¬ 
nents,  wear  regimes,  and  wear  modes. 

i.  Wear  debris  quantity  serves  to  reflect  wear  rate,  wear  severity,  and 
wear  type. 

j.  Wear  debris  size  distribution  serves  to  reflect  wear  rate,  wear 
severity,  and  wear  type. 

k.  Wear  debris  composition  serves  to  reflect  wear  source. 

l.  Wear  debris  morphology  serves  to  reflect  wear  severity,  wear  source, 
and  wear  type. 

m.  Wear  debris  quantity  and  size  distribution  collectively  serve  as  a 
first  indicator  of  a  wear  abnormality;  i.e.  detection.  This  detection  capabil¬ 
ity,  in  the  case  of  oil  analysis,  should  be  implemented  at  the  organizational 
level  of  maintenance.  In  the  case  of  high  cost  or  critical  applications,  this 
detection  capability  should  be  in-line  with  respect  to  the  equipments  lubrica¬ 
tion  system. 
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n.  Wear  debris  quantity,  size  distribution,  composition,  and  morphology 
collectively  serve  to  clarify  an  abnormal  wear  situation;  i.e.  diagnosis,  prog¬ 
nosis,  and  prescription.  As  a  result  of  operator  and  equipment  requirements 
this  capability,  in  the  case  of  oil  analysis,  should  be  implemented  at  a  cen¬ 
tral,  intermediate,  or  depot  level  maintenance  facility. 

o.  Wear  particle  characteristics  should  be  trended  for  analysis  pur¬ 
poses.  This  trending  analysis  will  tend  to  minimize  analysis  variations  re¬ 
sulting  from  equipment  operating  profile  and  operating  environment. 

p.  Improved  oil  analysis  techniques  appear  cost  effective. 

2.  TEST  RAMIFICATIONS 


a.  Representative  debris  sampling  is  a  critical  and  often  neglected 
aspect  of  any  oil  analysis  technique. 

b.  High  filtration  technology  is  now  being  implementd  on  new  equipment 
in  order  to  extend  equipment  wear  life.  This  high  filtration,  however,  will 
render  current  oil  analysis  fluid  sampling  techniques  obsolete. 

c.  A  "clean"  lubricant  will  result  in  significant  extentions  of  com¬ 
ponent  wear  life.  The  clean  lubricant  will  minimize  debris  surface  denting  and 
thus  potential  surface  initiated  fatigue  nucleation  sites. 

d.  Lubricated  systems  can  be  broken  down  into  four  main  wearing  com¬ 
ponents:  ball  bearings,  roller  bearings,  gears,  and  sliding  contact. 

e.  A  Vicker's  indent  on  the  inner  race  surface  of  the  test  ball  bear¬ 
ings  provided  a  representative  accelerated  simulation  of  surface  initiated  rol¬ 
ling  contact  fatigue.  Rockwell  and  Knopp  indents  were  respectively  too  severe 
and  too  benign. 
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f.  Disassembly/ reassembly  of  a  ball  bearing  results  in  the  initia¬ 
tion/reoccurrence  of  a  wear-in  process. 

g.  Vicker's  indents  on  the  inner  ring  surface  of  a  roller  bearing  did 
not  have  an  accelerating  effect  on  surface  initiated  rolling  fatigue.  This 
phenomena  was  a  result  of  the  load  distribution  and  material  characteristics  of 
roller  bearings  as  compared  to  ball  bearings.  As  a  result,  ball  bearings  appear 
more  sensitive  to  solid  contamination  than  do  roller  bearings. 

h.  Roller  bearing  disassembly/reassembly  did  not  result  in  the  reoccur¬ 
rence  of  a  wear- in  regime. 

i.  Circulation  of  debris  results  in  a  grinding  process  which  causes 
particle  breakup.  This  process  is  caused  by  particles  being  caught  in  the  con¬ 
tact  area  of  the  operating  component  and  will  result  in  an  accelerated  increase 
in  small  debris  formation. 

j.  The  wear  life  of  a  component  appears  to  be  an  inverse  function  of 
severity  of  the  wear-in  process  of  that  component.  Whether  the  wear-in  process 
is  a  controlling  life  factor,  a  reflection  of  latent  defects,  or  a  combination 
of  both  has  not  been  clarified. 

k.  Roller  bearings  appear  to  experience  a  more  sever  wear-in  process 
than  ball  bearings. 

3.  ANALYSIS  TECHNIQUES 

a.  Spectrometric  oil  analysis  exhibits  both  administrative  and  tech¬ 
nical  shortcomings. 

(1)  Spectrometric  oil  analysis  sample  transit  time  averages  4.4 
days.  This  transit  time  is  excessive. 
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(2)  Spectrometric  oil  analysis  feedback  is  generally  not  provided. 

(3)  Spectrometric  oil  analysis  sampling  procedures  are  not  strictly 

adhered  to. 

(4)  The  emission  spectrometer  exhibits  an  inherent  insensitivity  to 
large  debris/particles.  This  insensitivity  limit  appears  to  fall  in  the  parti¬ 
cle  size  range  from  5-7 

(5)  As  a  result  of  the  presence  of  a  grinding  mechanism  in  a  system, 
previously  discussed,  spectrometric  analysis  monitors  a  secondary  effect  of 
large  debris  generation.  This  secondary  effect  results  in  a  spectrometer  sensi¬ 
tivity  "lag  time"  when  monitoring  an  abnormal  wear  regime. 

(6)  Spectrometric  oil  analysis  gives  no  indication  of  wear  particle 
size  distribution  or  morphology. 

(7)  Spectrometric  oil  analysis  reports  debris  elemental  analysis  but 
is  blind  to  chemical  form. 

b.  Analytical  Ferrographic  wear  particle  analysis  techniques  exhibit 
both  advantages  and  disadvantages. 

(1)  Advantages  include: 

-  Ferrography  provides  indications  of  wear  particle  quantity, 
size  distribution,  composition,  and  morphology. 

(2)  Disadvantages  include: 

Sensitivity  limited  to  magnetic  debris 

-  Qualitative  material  and  morphology  indications 

-  Extended  analysis  time  requirements  are  exhibited 

-  High  relative  costs  are  incurred 

-  Considerable  operator  training/experience  are  required 

-  Lacks  calibration 

Repeatability  is  questionable  between  laboratories. 
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C.  RECOMMENDATIONS .  The  following  recommendations  have  resulted  from  the  oil 
analysis  test  program  and  subsequent  analysis. 

1.  OIL  ANALYSIS 


a.  Verify  oil  analysis  conclusions  under  field  test  equipment  monitor¬ 
ing  program. 


b.  Develop  an  in-line  wear  debris  monitor  for  high  cost  or  critical 
applications. 

c.  Enhance  current  spectrometric  oil  analysis  laboratories  with  added 
capability  in  order  to  monitor  lubricant  borne  debris  quantity,  size  distribu¬ 
tion,  and  morphology. 

d.  Develop  trending  analysis  criteria  for  oil  analysis  implementation. 

e.  Oil  analysis  techniques  cover  only  a  portion  of  potential  equipments 
failures  In  order  to  develop  a  comprehensive  diagnostic  capability,  oil  analy¬ 
sis  in„jt  be  integrated  with  such  complementary  techniques  as  vibration  monitor¬ 
ing  and  gas  path  analysis.  This  integrated  diagnostic  approach  should  be  inves¬ 
tigated. 

2.  TEST  RAMIFICATIONS 


a.  Develop  a  new  wear  debris  sampling  technique  which  is  unaffected  by 
high  filtration. 

b.  Investigate  the  effects  of  fluid  borne  solid  contaminants  on  the 
wear  life  of  components/ sys terns . 

c.  Investigate  the  debris  "grinding"  process  exhibited  by  lubricated 
components/ sys terns . 
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d.  Investigate  the  relationship  of  component/ system  wear-in  severity  to 
respective  component  system  wear  life. 

3.  ANALYSIS  TECHNIQUES 

a.  Reemphasize  spectrometric  oil  analysis  program  sampling  procedures, 
minimization  of  sample  transit  time,  and  importance  of  analysis  feedback. 

b.  Investigate  the  spectrometer's  insensitivity  to  large  wear  debris 
particles. 

c.  Quantify  the  repeatability  of  Analytical  Ferrography. 

d.  Develop  a  standardized  procedure  for  Analytical  Ferrography. 

e.  Develop  a  calibration  standard  for  Analytical  Ferrography/Densi- 

tometer. 

f.  Investigate  sample  dilution  effects  on  Ferrographic  analyses. 

g.  Develop  a  comprehensive,  fast,  low  cost,  simple,  effective,  repeat- 
able  oil  analysis  laboratory  technique. 
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FERROGRAPH  DATA 
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FERROGRAM  ANALYSIS  REPORT 


ritiopH  Ha.  i  1 8? 

Organisation:  Franklin  Institute 


Data;  5/20/73 


Sample  >. ;  Q34 

Operating  lima:  Sreakln 


Tima  oa  Oil; 


Equip.  Typa:  1-cvl.  dleael  (SB)  Sarlal  No.: _  Operating  Tima:  Break 

Samp  la  Data; _  Oil  Typ* _  Tima  oa  Ml: _ 

Replenishment  Data: _ (diluted  10:11 _ _ _ 

Volume  of  Saapla  paaaad  along  Ferrogran  2. 0  ee  Entry  34aa*  30m  10m 


(diluted  10:1) 


Farrogram  Reading  (X  area  covered) 
Voluae  of  Entry  1.  15  x  10^  urn3 


29.  2  19. S  15.  3 

Haight  of  Entry  Deposit  _ 1 


Typa*  of  Particle* 

1  ii"  *  —  ■  .  — . .  '  - 

Normal  Rubbing  Uaar 

Fatigue  Chunks  (Typical  gear  surface  fatigue) 
Spheres  (fatlgua  cracks  in  rolling  bearings) 

Laminar  Particles  (gears  or  rolling  bearings) 

Severe  Wear  Particles 

Cutting  Wear  Particles  (high  unit  pressure) 

Corrosive  Wear  Particles 

Oxides  Particles  (Includes  rust) 

Dark  Metallo-oxide  Particles  (typical  hard  steels) 


..  Noo- ferrous  Metallic 


Ron-metallic,  Crystalline 


Non-oetalllc,  Amorphous  (t.e.  friction  polymer) 


Considered  Judgement  of  Wear  Situation 


None  |  Fev  |  Moderate  I  Heavy 


narticles  and  oxides.  The  nonferrous  metallic  particles  are  bricht  white 
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UNCLASSIFIED 
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EERROGRAM  ANALYSIS  REPORT 


r<rrofr*»  he. »  «|3 _  bate »  S/10/7S 

Ot|wlMU«w  Pranhlln  Institute 
Equip.  Trsei  I «cyl.  diesel  (SB) Serial  Mu.; 

(rap  1*  pitti,  Oil  Type _ _ 

•  • 

Replenishment  Data: _ Wttjrtri  10»D _ 

Mum  « f  (rapt*  passed  along  Ferrogran _  «c  tn 

Ferrogran  Reading  <X  araa  c  ova  tad)  21 

Valiaaa  at  Entry  .  69  x  10^  un*  Haight  a 


Typaa  at  Particles  _ 


normal  Robbing  Haas 


Faclgua  Chunks  (Typical  gaar  surfaea  faeigua) 


Ipharas  (faclgua  cracks  in  rolling  bearings) 


Laminar  Particlaa  (gears  or  rolling  bearings) 


Samara  Hear  Particlaa 


Cutting  Hear  Particles  (high  unit  pressure) 


Corrosive  Hear  Particles 


Oxides  Particles  (includes  rust) 


Bark  Me tallo- oxide  Particles  (typical  hard  stools) 


Nan- ferrous  Metallic 


Ron- metallic.  Crystalline 


Non- metallic.  Amorphous  (l.e.  friction  polymer) 


Coocidarad  judgement  of  Hear  Situation 
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Perregran  ».l  »M _ mt«>  S/ll/TS 

Organisation!,  Franfclht  Sanple  ».i  <rn 

Equip .  Tvaas  l-evl.  diesel  flg)  Serial  Me. 8  Of«miat  Ti— «  17  hr.  >5  ■> 

iKfli  Htn  Oil  T»H  Ttw  on  Ml: _ 

taplenish—et  Bata: _ (dilated  10:11 

Wlote  •  t  Ssuple  peered  along  Perregran  ____  ee  tow  5tw  SO—  10—  | 

Perregran  leading  (1  area  covered)  an.  t  H  t  >1.  t  T 1 

Wei— e  of  entry  2.44x10*  — 3  Height  of  Entry  Bepealt  IS  — 


Typea  of  yarticloa 

M— 

Pew 

Moderate 

Heavy 

Herdal  tabbing  Wear 

X 

ratig—  Oranka  (typical  gear  aurface  fatigue) 

X 

Spherea  (fatigue  cracka  la  rolling  baaringa) 

X 

Laminar  Part  idea  (geara  or  rolling  baaringa) 

X 

Severe  Wear  Partlclee 

X 

Cutting  wear  Partidea  (high  —it  preaaure) 

X 

*  Corrosive  Wear  Partidea 

X 

Oxldaa  Partidea  (indudea  rust) 

X 

Bark  Metallo-onide  Partidea  (typical  hard  ateola) 

X 

tan* ferrous  Metallic 

X.. 

Men*— talllc,  Crystalline 

X 

tan  —  tallle,  tan rphous  (l.e.  friction  poly— r) 

Con eldered  Jedga— nt  of  Wear  Situation 


Very  Lev 

J 

tar— 1  | 

Caution 

: 

Very  High  (tad  Alert) 

LE 

Pe 

Cr 

Ag 

Cu 

Sn 

3 

Tt 

Hi 

Si 

LZ 

'  Co— ante:  The  entry  depot  It.  located  at  il.lnim.  Contains  rubbing  —r  partlclee.  cuttim 
wear  particles.  «e*ere  wear  nnrticloe  end  some  flbroue  particles.  The  rubblno  wear 
partlclee 'range -in  aiao  up  to  15  am  on  the  aide  and  many  a  how  evidence  of  high  tempera* 

.  turn  at  tea  wearing  aurfaco.  The  nonferroua  metallic  partlclee  are  very  thin  (typically 
lum  thick!  and  they  are  bright  white  (sllxarl. — . - — 
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■Ball! 

Cent ton 

□ 

Very  High  (M  Alert) 
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twjr  Im 


of  Mu  Situation 


Caution 


Vary  Rick  (Hat  Alert) 


Matteo  fpactroeatar 
ira 


Caaaantst  Tka  entry  dapoalt.  located  at  S6.0  mm.'  containa  nibbina  wear 
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Firnitn  He.  t, 


111 


oat.,  Unhi 


Organ! mi Imi  FrmliUn  lmtltaw 
Equip.  Ttm  *  cy**  ^****  (*»  Serial  Me. 
Sample  —tot  Oil  Typ«_ 

Replenishment  Bata I 

•  Maw  at  Staple  passed  along  Farregram _ 

_  Ferrogrsm  Reading  ( t  area  covered) 

Hal— e  of  Butty  2.17X10*  urn3 


_  Sample  S>.;  4117 

_  Operating  Tima;  9i  hr.  SO  mla 

_  Tima  on  alii 

_ (dilute  Mill _ • 

.  00  tntry  Urn  10— 

SO.  2  40. »  SO. 7  22.  S 

Haight  of  Entry  Deposit  20  — 


Typo*  of  Partlclaa 

Mo— 

rev 

Naderete 

Heavy 

Rot— 1  Rubbing  Hear 

X 

* 

Fatigue  Chunks  (Typical  gear  surface  fatigue) 

X 

Spheres  (fatigue  cracks  in  railing  baarlnga) 

X 

laminar  Particles  (gears  or  rolling  bearings) 

X 

Severe  Hear  f articles 

X 

Cutting  Hoar  Particles  (higb  —it  pressure) 

X 

Corrosive  Hear  Particles 

X 

Oxides  Partial—  (Includes  rust) 

X 

Dark  details- ax  Ida  Particles  (typical  bard  at— la) 

X 

—  fare— a  Metallic 

• 

X 

Ran- metallic.  Crystal  11— 

X 

■on- metallic.  Amorphous  (i.e.  friction  polymer) 

X 

• 

Canollorod  Jndge—nt  of  Hear  Situation 


Tery  Lav 


I-* 


Caution 


Tory  Mgh  (Rad  Alert) 


Session  Spectre 

aster 

A1 

Pa 

Cr 

AS 

Cm 

Sa 

MS 

Ti 

Hi 

Si 

•  ’ 

PPM 

fn— onto t  The  entry  depoalt.  loentod  at  S5.0  mm,  eontaina  rubbing  —or  pa 
putting  wear  particles  and  oxldaa.  Many  of  the  ruhhino  wear  UlUslu  «*“»» 
of  high  tempera  turn  a  at  the  wonrina  surface.  Many  of  the  bright  white  wonmi 
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Naval  Air  Engineering 
Center  Tribology  Laboratory 
Lubricant  Sampling  Procedure 


Introduction: 

In  order  to  establish  the  operating  conditions  and  health  of  machines  by 
the  analysis  of  the  particulate  matter  in  their  lubricating  fluid,  it  is  essen¬ 
tial  that  the  lubricant  sample  contain  a  representative  cross  section  of  par¬ 
ticles.  Since  the  particulate  matter  exists  as  a  separate  phase  in  the  fluid, 
it  cannot  be  assumed  that  a  uniform  distribution  exists  throughout  the  oil. 
Consequently,  careful  attention  must  be  given  to  the  method  of  sample  extrac¬ 
tion. 


To  detail  and  standardize  the  procedure  to  be  utilized  in  obtaining  an 
equipment  lubricant  sample  required  for  wear  particle  analysis. 

Purpose : 

To  ensure  that  a  representative  lubricant  sample  be  obtained  for  wear 
particle  analysis. 

Sample  Container: 

The  sample  container  should  be  a  clean  glass  bottle  with  a  plastic  cap 
containing  a  teflon  seal/liner.  The  use  of  plastic  bottles  should  be  avoided 
due  to  their  reaction  with  some  lubricants.  A  standard  SOAP  sample  bottle  is 
recommended  for  use  as  a  suitable  container.  If  a  recleaned  bottle  is  not 
available,  bottle  cleaning  can  be  accomplished  by  the  following  steps:  Hash, 
rinse,  wash,  dry,  and  cap. 

Sample  Volume: 

A  sample  volume  of  100  ml  should  be  withdrawn  from  the  system  for  analy¬ 
sis.  If  as  a  result  of  the  lubricant  system  design,  this  volume  is  impracti¬ 
cal,  the  largest  practical  volume  should  be  obtained.  The  sample  volume  should 
never  be  less  than  15  ml.  The  withdrawn  sample  volume  should  be  immediately 
replaced  by  an  equal  volume  of  clean  compatible  lubricant. 

Sampling  Interval: 

The  sampling  interval  will  be  a  function  of  monitored  equipment  type  and 
respective  operating  parameters.  These  factors  will  be  analyzed  by  the  NAEC 
Laboratory  in  each  monitoring  case  and  an  applicable  sample  interval  will  be 
defined. 
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The  lubricant  sample  should  be  taken  during  equipment  operating  (after  a 
"warm-up"  period)  or  shortly  after  shutdown.  A  sample  should  never  be  taken 
more  than  one  hour  after  shutdown.  These  measures  serve  to  minimize  the  set¬ 
tling  effect  of  particles  in  the  lubricant. 

Lubricant  samples  are  withdrawn  from  a  system  by  one  of  three  basis  tech 
niques;  filler  sampling,  drain  sampling,  and  valve  sampling.  For  the  sake  of 
continuity,  samples  should  be  withdrawn  utilizing  the  same  technique  and  loca¬ 
tion  throughout  an  equipment  monitoring  effort.  The  sample  volume  should  never 
exceed  80Z  of  the  total  sample  container  volume. 

A.  Filler  Sampling 


This  technique  involves  inserting  a  sampling  tube  into  the  lubricant 
from  the  top  of  the  sump.  The  tube  should  be  extended  into  the  lubricant  a 
distance  of  at  least  half  of  the  sump  lubricant  depth,  but  not  more  than  one 
inch  from  the  sump  bottom.  This  location  insures  a  representative  sample  and 
eliminates  sampling  sludge  from  the  sump  bottom.  Once  inserted,  the  lower  end 
of  the  tube  should  be  allowed  to  fill  with  lubricant.  Upon  filling,  the  upper 
tube  end  should  be  closed  in  order  to  hold  the  lubricant  and  the  tube  with¬ 
drawn.  The  resulting  trapped  lubricant  can  then  be  drained  into  the  sample 
bottle.  This  procedure  should  be  repeated  until  a  desired  sample  volume  is 
collected.  Plastic  or  glass  sampling  tubes  can  be  used  according  to  the  ap¬ 
plication.  Sampling  tube  cleanliness  is  essential  and  should  be  checked  before 
each  sample  is  taken.  If  visually  contaminated,  the  sampling  tube  should  be 
flushed  with  filtered  freon  until  the  contamination  is  removed.  Cap  the  sample 
bottle  immediately  after  sampling. 

B.  Drain  Sampling 

This  technique  involves  obtaining  a  sample  from  the  bottom  of  the 
lubricant  sump.  The  drain  outlet  in  the  sump  should  be  opened  and  lubricant 
should  be  allowed  to  flow  out  (approximately  1/2  pint)  in  order  to  wash  ou~  any 
accumulated  sediment.  Once  this  wash  out  procedure  has  been  accomplished,  a 
sample  bottle  can  be  filled  from  the  drain  flow.  Upon  filling  the  bottle  the 
drain  should  be  reclosed.  Cap  the  sample  bottle  iranediately  after  sampling. 

C.  Valve  Sampling 

This  technique  involves  the  utilization  of  a  permanently  installed 
sampling  valve.  When  using  this  technique,  enough  lubricant  must  be  drained 
from  the  valve  before  sampling  to  thoroughly  flush  the  sampling  line.  This 
flush  volume  will  vary  with  respect  to  the  sampling  port  design.  As  a  general 
guide,  the  dead  volume  of  lubricant  in  the  sample  system  should  be  estimated 
and  approximately  twice  that  volume  extracted  before  the  actual  sample  is  taken. 
Upon  completion  of  the  sampling  process,  immediately  close  the  sampling  valve 
and  cap  the  sample  bottle. 
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Sample  Data: 

In  order  to  thoroughly  and  effectively  perform  an  analysis  on  a  lubricant 
staple ,  a  comprehensive  set  of  background  information  must  be  submitted  with 
the  sample.  The  following  information  is  required: 

A.  Activity 

Marne 

Address 

Code 

Contact  Personnel 

a.  Responsible  Party 

b.  Sampler 

Phone  Mo./Autovon 

B.  Equipment 

Type  (component) 

Model 

End  Item 

Serial  Number 

Operating  Parameters 

Operating  Environment 

Wear  Components  (lubricated) 

Wear  Materials  (vs.  wear  components) 

Time  on  Equipment  (mileage/hours) 

Time  Since  Overhaul 
Recent  Maintenance  Actions 

C.  Lubricant 

Type 

Specification 

Capacity 

Additives 

Time  Since  Filter  Change 
Time  Since  Lubricant  Change 
Lubricant  Added  Since  Change/Time 
Filter  Size 

a.  Nominal  Rating 

b.  Absolute  Rating 
Filter  Type 

D.  Sample 


Date/Time 

Number 

Technique 

Location  with  Respect  to  Filter 
Sample  Frequency 
Time  After  Shutdown 

E.  Observations/Comments 
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Sample  Packaging; 

The  top  of  each  sample  bottle  should  be  securely  tightened  and  sealed  with 
teflon  tape  to  prevent  loosening  and  leakage.  Bottles  should  be  plainly  labeled 
for  correlation  with  respective  data  sheets.  Care  should  be  taken  in  bottle 
packaging  in  order  to  prevent  breakage  during  shipment.  Data  sheets  should  be 
shipped  with  samples  in  a  waterproof  pouch  to  protect  them  from  possible  lubri¬ 
cant  spills  and  leakage. 

Sample  Storage: 

If  a  sample  is  to  be  stored  for  an  extended  period  before  shipment  or 
analysis  (more  than  a  week),  proper  storage  procedures  must  be  followed.  The 
sample/samples  must  be  stored  in  a  cold  environment  (approximately  0°F).  Low 
temperatures  will  serve  to  retard  any  chemical  reactions  that  may  occur  in  the 
lubricant  sample. 

Extraneous  Contamination: 

Two  main  sources  of  possible  contamination  not  previously  mentioned  are 
lubricant  contamination  and  residual  contamination.  Each  of  these  sources  can 
seriously  effect  wear  particle  analysis  and  as  such  their  effect  must  be  mini¬ 
mized  . 


A.  Lubricant  Contamination: 

This  type  of  contamination  is  introduced  into  a  system  by  the  lubri¬ 
cant  itself.  Samples  submitted  to  NAEC  should  be  accompanied  by  an  unused  lu¬ 
bricant  sample  obtained  from  the  same  lubricant  batch  as  that  used  in  the  equip¬ 
ment.  This  sample  will  be  utilized  to  establish  the  baseline  level  of  contamina¬ 
tion  contributed  by  the  lubricant.  This  baseline  will  be  taken  into  considera¬ 
tion  during  the  analysis  process. 

B.  Residual  Contamination: 

This  type  of  contamination  is  introduced  into  the  system  by  initial 
assembly  of  the  equipment  or  by  maintenance  actions  performed  on  the  equipment. 

In  the  case  of  test  equipment,  residual/cross-contamination  could  carry  over 
from  previous  test  runs.  This  residual  contamination  effect  can  be  minimized 
by  proper  flushing  of  the  lubrication  system  before  initial  startup,  after 
pertinent  maintenance  actions,  and  between  selective  test  runs.  Three  flushes 
using  clean  lubricant,  or  a  combination  of  appropriate  solvents  and  clean  lu¬ 
bricant,  are  sufficient  to  purge  the  lubricant  system  of  the  major  portion  of 
residual  contamination. 
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GLOSSARY  OF  TERMS 

A.  Participation  in  the  Oil  Analysis  Program  involved  numerous  organizations 
and  numerous  technical  disciplines.  While  there  are  some  differences  in  wear 
terminology  between  industries  and  disciplines,  it  is  important  for  the  purposes 
of  this  program  to  have  a  common  set  of  terms  by  which  various  observers  in  the 
field  can  describe  surface  damage.  In  this  classification  system,  the  emphasis 
is  placed  on  that  type  of  damage  which  produces  particles  found  in  the  lubri¬ 
cating  oil.  Normal  wear  occurs  on  all  working  surfaces  and  produces  particles 
found  in  oil.  After  initial  run-in,  this  wear  may  reach  a  stabilizing  condition 
which  does  not  alter  the  life  or  operating  characteristics  of  the  part.  How¬ 
ever,  there  will  be  particles  found  in  the  oil  and  the  surfaces  are  modified. 

B.  It  is  generally  accepted  that  there  are  four  general  classifications  of 
surface  damage,  depending  on  the  initiating  cause.  The  following  outline,  fol¬ 
lowed  by  detailed  descriptions,  is  a  suggested  list  of  surface  damage  classifi¬ 
cation. 


1.  Abnormal  Wear 

a.  Abrasion 

b.  Corrosion 

c.  Fretting  Corrosion 

d.  Scoring  or  Scuffing  of  Gear  Tooth  Surfaces 

e.  Smearing 

f.  Bearing  Cage  Wear 

2.  Fatigue 

a.  Spalling 

b.  Surface  Distress:  glazing,  frosting,  fine  crack  formation,  surface 
flaking  or  peeling 
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3.  Plastic  Flow 

a.  Rolling  and  peening,  rippling  and  ridging  of  gear  teeth 

b.  Brinnelling  of  bearing  surfaces 

4.  Gross  Failure  of  the  Part 

a.  Fracture  due  to  fatigue 

b.  Cracking  due  to  improper  heat  treat 

c.  Cracking  due  to  overload 

d.  Case  crushing 

e.  Burnout 

C.  ABNORMAL  WEAR.  This  is  considerd  to  be  surface  damage,  deterioration  or  a 
change  in  geometry  to  such  an  extent  that  life  is  shortened  and  the  functioning 
of  the  part  is  impaired.  The  common  causes  are: 

1.  ABRASION.  This  is  damage  due  to  the  intrusion  of  foreign  particles 
between  contacting  surfaces.  The  size  of  the  particles  is  greater  than  the 
separating  oil  film.  Hardness  of  the  particles  has  a  great  influence  on  the 
damage  done.  The  damaging  particles  could  have  initiated  at  another  failure 
location  and  be  transported  by  the  oil  to  the  surfaces  being  observed.  Analysis 
of  the  type  of  contaminant  may  determine  this.  The  surfaces  appear  roughened 
and  dented.  A  bearing  or  a  set  of  gears  may  have  excessive  play. 

2.  CORROSION .  This  usually  refers  to  attack  of  the  surface  by  acids,  mois¬ 
ture,  lubricant  contamination,  or  the  use  of  overly  active  EP  additives.  It  is 
very  closely  involved  with  the  quality  of  the  lubricant.  Deterioration  of  the 
lubricant,  because  of  high  temperature,  produces  chemicals  which  attack  metal. 

The  surfaces  have  a  pitted,  rusted,  and  a  generally  discolored  appearance. 

3.  FRETTING  CORROSION.  This  type  of  damage  will  usually  be  found  under 
conditions  of  severe  vibration,  poor  lubrication,  or  absence  of  rotation.  Slight 
relative  movement  with  metal-to-metal  contact  will  cause  abrasion  and  oxidation 
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of  Che  mecal.  This  not  only  produces  particles  but  causes  surface  wear.  On 
bearing  surfaces,  it  is  sometimes  called  false  brinnelling  because  the  wear 
pattern  produced  on  the  raceway  by  the  rolling  element  resembles  that  of  a  brin- 
nelled  surface.  The  most  common  location  is  on  fitted  surfaces  such  as  between 
a  bearing  bore  and  its  shaft  seat  or  between  the  bearing  outside  diameter  and 
its  housing.  Improper  fitting  can  cause  slight  relative  movement  which  initi¬ 
ates  fretting.  The  condition  becomes  progressive  as  wear  produces  more  loose¬ 
ness.  A  fretted  surface  will  usually  be  rusted  and  discolored. 

4.  SCORING  OR  SCUFFING  OF  GEAR  TEETH.  A  common  type  of  gear  damage  charac¬ 
terized  by  long  radial  lines.  It  is  attributed  to  the  momentary  welding  and 
tearing  of  metal  as  two  surfaces  slide  past  each  other.  Since  it  can  only  occur 
during  metal-to-metal  contact,  an  inadequate  lubricant  film  strength  must  also 
exist.  Therefore,  poor  viscosity  due  to  a  momentary  high  temperature  rise  dur¬ 
ing  mesh  as  well  as  surface  finish  and  gear  tooth  geometry  variation  are  all 
considered  contributing  factors.  Because  it  occurs  during  sliding  motion,  the 
originating  points  are  likely  to  be  at  the  gear  tip  and  pinion  root,  the  pinion 
tip  and  gear  root  and  highest  and  lowest  point  of  pinion  single  tooth  contact. 

5.  SMEARING.  This  type  of  damage  is  closely  akin  to  gear  tooth  scoring 
since  it  involves  metal-to-metal  contact  during  sliding  motion.  There  is  a 
momentary  welding  and  transferral  of  metal  from  one  surface  to  another  or  to  a 
new  locftion.  In  bearings,  it  is  usually  attributed  to  skidding  of  rolling 
elements  on  raceway  surfaces.  Besides  being  smeared,  the  metal  surfaces  are 
also  glazed  and  there  may  be  light  heat  discoloration.  Skidding  occurs  when 
there  are  inadequate  tractive  forces  to  overcome  the  inertial  forces  of  rolling 
elements  causing  loss  of  rolling  contact.  Examples  are  high-speed,  lightly 
loaded,  angular  contact  ball  bearings  and  lightly,  non-uniformly  loaded  roller 
bearings.  In  other  cases,  there  is  always  sliding  motion  such  as  at  tapered 
roller  bearing  cone  flanges.  In  every  case,  inadequate  lubricant  film  strength 
is  a  contributing  factor. 
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6.  BEARING  CAGE  WEAR.  Excessive  cage  wear  usually  occurs  in  the  cage  poc¬ 
kets  or  on  the  land  riding  surfaces.  In  the  pockets,  considerable  force  may  be 
generated  by  differences  in  motion  of  the  cage  and  the  rolling  elements.  Wear 
on  the  land  riding  surfaces  is  usually  due  to  inadequate  lubrication  during 
sliding  motion.  Cage  surfaces  will  wear  faster  because  they  are  softer.  In 
many  cases,  they  are  made  of  brass  or  bronze,  and  therefore,  nonferrous  con¬ 
tamination  will  be  found  in  the  oil.  When  debris  and  other  foreign  metal  are 
present,  they  will  embed  themselves  in  the  cage  material  and  then  cause  wear  of 
the  harder  steel  surfaces. 

D.  FATIGUE 


1.  When  contacting  surfaces  are  subjected  to  repeated  cycles  of  stress, 
they  will  eventually  fail  in  fatigue.  This  will  occur  even  with  proper  lubri¬ 
cation,  handling,  cleanliness,  mounting,  and  operating  conditions.  While  both 
gear  and  bearing  surfaces  are  subjected  to  fatigue,  it  is  much  more  likely  to 
occur  on  bearing  surfaces  because  they  usually  experience  much  higher  contact 
stresses  and  undergo  many  more  stress  cycles.  Fatigue  damage  results  in  a  loss 
of  material  from  the  surfaces.  Although  the  fatigue  life  of  no  one  bearing  can 
be  predicted,  the  bearing  industry  has  done  extensive  research  into  the  statis¬ 
tical  dispersion  of  fatigue  failures  and  have  developed  formulas  relating  fa¬ 
tigue  life  to  load,  speed,  and  bearing  geometry.  The  most  commonly  accepted 
explanation  is  Chat  a  fatigue  crack  originates  below  the  surface  at  a  nonmetal- 
lic  weak  point  and  is  influenced  by  the  maximum  shear  stress  and  the  depth  at 
which  it  occurs.  It  is  also  possible  for  a  fatigue  crack  to  originate  at  the 
surface  and  travel  below  it.  Lubrication  is  recognized  to  play  a  major  role  in 
the  type  of  fatigue  failure  observed.  When  a  lubricating  film  of  sufficient 
strength  exists  so  that  complete  separation  of  surfaces  occurs,  fatigue  is  usu¬ 
ally  of  subsurface  origin  and  results  in  a  spall  of  some  depth  into  the  surface. 
Inadequate  lubrication,  in  which  metal-to-metal  contact  results,  causes  a  sur¬ 
face  distress  type  of  fatigue  failure.  These  then  are  the  two  categories  of 
fatigue  failure: 
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a.  Spalling.  A  deep  cavity  produced  on  the  working  surface  resulting 
from  cracks  which  propagate  until  a  piece  of  metal  is  broken  off  from  the  sur- 
face.  The  depth  of  the  cavity  is  on  the  order  of  the  depth  of  the  max  shear 
stress.  Pitting  is  the  term  used  by  the  gear  industry  to  describe  spalls  which 
are  usually  found  near  the  pitch  line  and  are  more  likely  on  the  pinion.  The 
use  of  the  work  pitting  in  this  present  classification  system  is  reserved  to 
describe  corrosive  or  electrical  damage. 

b.  Surface  Distress.  A  progressive  appearance  of  glazing,  frosting, 
fine  crack  formation,  and  finally,  flaking  or  peeling  of  the  surface.  As  pre¬ 
viously  mentioned,  it  is  closely  associated  with  bearing  surface  fatigue  under 
conditions  of  inadequate  lubrication.  Under  such  conditions,  failure  will  more 
likely  be  this  type  rather  chan  deep  spalling. 

2.  The  occurrence  of  fatigue  is  greatly  influenced  by  high  stress  concen¬ 
trations  such  as  edge  loading,  soft  steel,  and  dirty  steel.  Improvesients  in 
these  areas  have  lessened  the  incidence  of  fatigue  failure  except  where  lubri¬ 
cation  distress  occurs.  A  bearing,  and  especially  a  gear,  can  be  expected  to 
fail  in  some  other  manner  before  its  fatigue  limit  is  reached. 

E.  PLASTIC  FLOW.  This  refers  to  surface  deformation  due  to  yielding  under  high 
stresses.  Particulate  matter  need  not  necessarily  accompany  this  form  of  dam¬ 
age,  but  in  severe  cases  other  wear  mechanisms  are  also  usually  present  and  will 
cause  particles  to  enter  the  lubricant. 

1.  When  gear  teeth  undergo  plastic  deformation  they  have  the  appearance  of 
being  rolled  and  peened  and  having  rippling  and  ridging  lines.  These  terms  are 
self  descriptive. 

2.  Brinnelling.  Flat  spots  or  permanent  dents  on  bearing  surfaces.  Per¬ 
manent  deformations  will  occur  under  any  load  but  it  is  only  when  their  magni¬ 
tude  has  an  influence  on  bearing  operation  and  noise  level  do  they  became  sig¬ 
nificant.  The  arbitrary  design  limit  set  for  allowable  denting  at  bearing  con¬ 
tact  point  is  a  magnitude  of  less  than  .0001  of  the  rolling  elesMnt  diameter. 

It  is  on  this  basis  that  bearing  static  capacity  is  usually  calculated. 
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F.  GROSS  FAILURE  OF  THE  PART.  Any  failure  vhich  reduces  Che  life  end  alters 
Che  operating  conditions  of  a  bearing  or  gear  but  does  noC  necessarily  involve 
Che  working  surfaces. 

1.  Breakage  or  fracture  due  to  fatigue.  *  While  it  occurs  to  both  gear  teeth 
and  bearing  rings,  fatigue  fracture  is  more  likely  to  happen  to  the  former. 

Gear  teeth  fail  in  bending  fatigue.  The  fracture  surface  is  quite  smooth  and 
there  is  usually  a  focal  point  or  eye.  This  can  be  in  the  form  of  a  notch,  a 
tear,  an  inclusion,  or  a  heat  treat  crack.  A  red  stain  may  be  found  in  the 
crack  because  of  fretting  corrosion  due  to  a  slight  amount  of  rubbing  before  the 
final  break.  Failure  occurs  near  the  root  fillet.  A  tooth  which  fails  in  fa¬ 
tigue  can  initiate  a  series  of  tooth  breakages  because  the  resulting  gap  may 
cause  dynamic  overloading  on  subsequent  teeth. 

2.  Cracking  due  to  improper  heat  treatment.  Improper  quenching  may  cause 
excessive  internal  stresses  which  may  lead  to  a  series  of  hairline  cracks  through¬ 
out  a  gear  tooth  or  bearing  ring. 

3.  Cracking  due  to  overload.  This  type  of  failure  progresses  to  failure 
very  rapidly.  Like  fatigue,  it  is  more  common  in  gear  teeth  than  bearing  rings. 

It  aMy  be  due  to  shock  or  misalignment  in  which  case  a  corner  of  the  tooth  tip 
is  usually  broken  off.  The  fracture  has  a  stringy  appearance.  There  may  be 
evidence  of  plastic  yielding  on  the  tooth  surface.  Bearing  rings  will  crack  due 
to  excessive  tensile  or  torsional  stresses.  These  usually  result  from  improper 
mounting  such  as  too  tight  an  inner  ring  fit  on  a  shaft. 

A.  Case  cruahim.  In  carburized  steel  gears  or  bearing  rings  this  results 
from  a  combination  of  too  soft  a  core  and  a  very  heavy  load.  There  is  consider¬ 
able  flow  and  distortion  of  the  part  as  the  hard  outside  case  collapses  inward. 

In  a  gear  tooth,  it  may  cause  shattering  from  the  pitch  line  up. 

5.  Burnout .  Thermal  destruction  of  a  part,  usually  a  bearing,  resulting 
from  a  thermal  instability  in  which  the  heat  generation  exceeds  the  heat  re¬ 
moval.  The  bearing  undergoes  various  stages  of  discoloration,  growth,  seizure, 
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and  finally  softening  and  melting  of  the  steel.  Lubrication  is  usually  the  most 
significant  factor  in  this  occurrence  whether  it  is  inadequate  or  completely 
lacking.  The  adequacy  of  lubrication  is  influenced  by  load,  speed,  and  environ¬ 
mental  conditions.  Mot  only  must  the  lubricant  help  reduce  friction  but  it  is 
also  the  medium  for  transporting  heat  away  from  the  part.  Too  much  lubricant 
can  cause  thermal  instability  because  of  churning.  When  the  lubricant  itself 
fails,  most  likely  due  to  temperature,  it  will  leave  a  carbonized  residue  on  the 
parts. 
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